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ABSTRACT 
The pattern and rate of natural senescence of root cortices (root 
cortex death, or RCD) was studied for wheat and barley in glasshouse 
conditions and wheat in root organ culture. Previously reported 
patterns were confirmed but a further stage of senescence, in which 
all cortical cell layers died, was associated with severe root 
impedance. The rate of RCD was significantly delayed by exogenous 
supply of nitrogen and, to a lesser degree, phosphorus and potassium; 
form of nitrogen (supplied as NO 3 or NH4 ) also affected RCD. Partial 
deficiencies of any of these nutrients usually caused as much RCD as 
did absence of the nutrient. Changes in bulk soil pH within the range 
4.0 to 6.0 had no effect on RCD in intact root systems. Exogenous 
glucose delayed RCD but did not alter its pattern in organ culture, 
whereas kinetin altered the pattern of RCD, mainly through effects on 
root branching. Glucose was apparently mobilised, both acro- and 
basipetally to regions of root not in contact with a glucose source. 
The relationship between RCD and infection by Phialophora 
graminicola (weak parasite) and vesicular.-arbuscular rnycorrhizal (yAM) 
fungi (biotrophs) was examined by growing cereals in soils with 
natural or introduced inocula or in cores of grassland soils. Wheat 
and barley were compared because of their reported different rates of 
RCD, and wheat was subjected to shaded or unshaded conditions to 
alter the rate of RCD. Dark runner hyphae of P. gram:Lnicola were 
more common in root members and root regions showing advanced RCD, 
whereas arbuscules of VAM fungi were commonest where cortical cells 
were nucleate. But not all aspects of VAN distribution on roots 
could be explained in terms of RCD; in particular, root axes and 
the proximal regions of primary laterals were poorly infected in 
conditions in which cortical senescence was unlikely to account for 
these effects. 
Population changes of VAM fungi, P. graminicola and root-colonising 
saprophytes were studied by direct observation of grass roots and by 
wheat seedling assay in cores of soil from different zones of grassland 
fairy rings caused by Marasmius oreades, Agaricus arvensis and Entoloma 
porphyrophaeum. The population of VAM fungi declined markedly in dead 
zones of rings of M. oreades and did not subsequently recover, whereas 
populations of P. graminicola declined but then fully recovered as 
grasses regrew within the rings. Equivalent population changes, though 
less marked, occurred in non-killing rings caused by A. arvensis and 
E. porphyrophaeum. It is concluded that these changes were primarily 
in response to patterns of grass root growth rather than being caused 
by direct effects of fairy ring fungi on the parasites. 
P. grarninicola significantly reduced colonisation of wheat roots 
by the take-all fungus, Gaeumannomyces graminis, in organ culture, 
consistent with reports that P. graminicola is a natural biocontrol 
agent of take-all in grasslands. 
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SECTION 1. 	INTRODUCTION 
1.1. 	SOURCES OF NUTRIENTS FOR RHIZOSPHERE MICROORGANISMS 
Growing, developing plant roots typically support a rich assemblage 
of microorganisms, ranging from saprophytes external to the root surface 
to obligately parasitic root-infecting fungi deep within the cortex 
(Rovira, Bowen & Foster, 1982). The zone around a root is rich in 
organic nutrients released from the plant (Bowen, 1979; Rovira et al., 
1982) and supports a large population of'microorganisms, this zone being 
termed the "rhizosphere" (Hiltner, 1904). The organic compounds 
released into the rhizosphere are of variable nature, and have been 
repeatedly and comprehensively reviewed (Katznelson, 1965; Rovira, 1969; 
Balandreau & Knowles, 1978; Rovira, Foster & Martin, 1979; Rovira et 
al, 1982). A computer model of microbial abundance inthe rhizosphere, 
based on release of soluble nutrients by roots, was proposed by Newman 
& Watson (1977). 
For many years the term "exudate" was used for organic nutrients 
released from roots (e.g. Rovira, 1969), and thinking was largely 
confined to the effects of low molecular weight soluble organic 
compounds on microbial activity. Recently, however, it has been 
recognised that several types of material released by roots can affect 
microbial abundance, and the materials have been categorised according 
to their nature and origin as follows (Rovira et al., 1979). 
Root exudates are low molecular weight compounds which J.eak 
from all plant cells, eventually into the soil; their 
release is not metabolically mediated. 
Secretions are compounds of low molecular weight which are 
released as a result of metabolic processes. 
Plant mucilages are a range of polymers of various origins, 
for example those released from the root cap. 
2. 
Mucigel comprises natural and modified plant mucilages, 
together with bacterial cells and their metabolic products 
and colloidal mineral and organic matter from soil. 
Lysates are the compounds released from autolysis of older 
cells when the plasmalemma fails. These may also include 
microbial digestion products from colonised cells. 
The term "lysate", in particular, demonstrates that the traditional 
view of the rhizosphere, as being the zone of intense microbial activity 
around the root, is somewhat restrictive. The lysed cortical cells of 
ageing roots are recognised to support large populations of both 
saprophytic fungi (Waid, 1957; Hoes, 1964; Bowen & Rovira, 1976) and 
bacteria (Old & Nicolson, 1975; van Vuurde, Kruyswyk & Schippers, 1979). 
Old& Nicolson (1975) proposed that the rhizosphere concept should be 
extended to include microbial growth in the senescing root cortex, and 
Balandreau & Knowles (1978) coined the term "endorhizosphere" for this 
area. Indeed, it is likely that the microbial population of the 
"endorhizosphere" is to some degree different from that of the rhizo-
sphere around young roots, due to the predominantly high C N ratio 
in senesced tissue (Balandreau& Knowles, 1978). It is also interest- •• 
ing to note that the "endorhizosphere" has been proposed as a site of 
non-symbiotic dinitrogen fixation in tropical grass (Dibereiner & 
Day, 1975), the nitrogen-fixing bacteria being consistently isolated 
from surface-sterilised maize roots (Von BUllow&Döbereiner, 1976). 
The same may be true of wheat (Atkinson, Neal & Larson, 1975; Larson 
& Neal, 1978), although Deacon & Lewis (1982) found that a wheat 
genotype reported to support naturally high population levels of a 
nitrogen-fixing bacterium showed the least cortical senescence of a 
range of genotypes tested. Much of the organic carbon released from 
roots may be accounted for by senescence of the root cortex (Martin, 
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1977; Newman, 1985). Indeed, van Vuurde et al. (1979) found that the 
population of bacteria on wheat root surfaces remained low until after 
the onset of cortical cell death - a phenomenon recorded also by L. 
Morris & J. W. Deacon (1977, unpublished). 
Release of organic nutrients into the rhizosphere occurs even in 
sterile conditions. Root exudates are known to be released in sterile 
solution culture (Barber & Gunn, 1974; Barber & Martin, 1976) and 
mucilages occur around root hairs in sterile conditions (Old & Nicolson, 
1975). Death and sloughing of root cortical cells also occur in 
gnotobiotically grown peanut plants (Hale & Griffin, 1976), and 
cortical senescence as evidenced by loss of nuclear staining occurs in 
wheat roots in sterile vermiculite (Henry & Deacon, 1981). Insome 
cases the presence of microorganisms may enhance the amounts of organic 
substances released from roots (Barber & Martin, 1976; Martin, 1977); 
but the effect of microorganisms is likely to be indirect (Rovira et 
al., 1982), and Newman (1985) has questioned some of the experiments on 
which the claims for microbial stimulation of nutrient release from 
roots have been made. 
The dynamic nature of the endorhizosphere/rhizosphere results in a - 
changing set of niches available to microorganisms. Saprophytic 
microorganisms depend upon organic nutrients external to living tissues. 
The nature of the available nutrients may change as exudation, 
secretion and release of mucilage are superseded by root lysis, not 
least because of changes in the C : N ratio (Balandreau & Knowles, 
1978). All such nutrients, however, will be competed for by sapro-
trophic microorganisms, and the success of a microorganism in obtaining 
them will be determined by its "competitive saprophytic ability" 
(CSA) (Garrett, 1956). In contrast, biotrophic plant parasites such 
as the vesicular-arbuscularmycorrhizal (VAil) fungi require live host 
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tissue, and would be expected to be adversely affected by root cortical 
senescence. Between these two extremes lie the necrotrophic plant 
parasites. These feed on host cells which they kill during invasion of 
roots. Garrett (1970) noted that the more "specialised" necrotrophs 
have poor CSA, whereas those which can invade only weakened host tissues 
characteristically have a higher CSA. Yet even these are poorly able 
to compete with exclusively saprophytic microorganisms for organic 
substrates. 
So it is clear that the dynamic nature of the endorhizosphere/ 
rhizosphere involves not only a progressive change in the availability 
of different plant-derived substances, but also a progressive change in 
the viability of plant cells, affording opportunities for different 
types of microorganism to grow. Any factor influencing the balance in 
the root zone between life and death of root tissue islikely to have 
pronounced effects on the microbial population in and around the root. 
It is this changing rhizosphere environment.which is the central 
concern of this thesis. 
1.2. 	ROOT CORTEX DEATH (RCD) IN THE GRAN1INEAE. 
It has long been recognised that under natural conditions the root 
cortex of many plants, especially grasses and cereals, degenerates, 
browns and eventually sloughs-off (Dunn, 1921; Beckel, 1956; Garwoad, 
1967; Waid, 1974). However, such cortical degeneration was thought to 
occur only in older roots, and root pathologists, among others, ignored 
it because it was thought to have little significance for invasion by 
root pathogens. Holden (1975) re-appraised senescence in growing roots 
of the Gramineae, and his discoveries did much to change the 
traditional view of the role of senescence in rhizosphere microbiology. 
Holden (1975) used Feulgen reagent as a nuclear stain to assess 
cell death in wheat and barley seminal roots. After only three weeks 
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growth. of plants at 15 9C in pathogen-free soil, 65% and 41% of the 
cortical cells were anucleatein the older region of the seminal root 
axes of wheat and barley respectively. However, the roots still 
appeared white and healthy, with no visible signs of degeneration. 
Holden (1976) subsequently confirmed these observations, and noted 
that cell, death occurs progressively inwards through the cortex from 
the epidermis with increasing distance behind the root tips. 
These results were further confirmed by Henry & Deacon (1981), 
using both Feulgen reagent and acridine orange as nuclear stains. 
These workers described a general pattern of cortical senescence 
(Figure 1.1), identical for both wheat and barley in a wide range of 
soil conditions, and which occurred as the cortex aged but while the 
individual roots continued to grow and branch. Moreover, roots were 
white and appeared healthy, with no sign of cortical degeneration, 
even though most of the cortical cell layers were anucleate. With 
increasing distance behind the root tips, and beginning just behind 
the region with nucleate root hairs, nuclei disappeared first from 
the root epidermis and then from successively deeper cortical cell 
layers. But nuclei persisted in the innermost (sixth) cortical cell 
layer, next to the endodermis, over the whole root length, and 
temporarily in most cell layers of the root axes around the bases of 
laterals. As laterals aged, they too showed cortical senescence. 
Finally, there was a very small zone, less than 1 cm long, immediately 
below the grain where nuclei tended to persist in most cell layers of 
the cortex (Figure 1.1). This general pattern has subsequently been 
confirmed in many papers, most recently by Yeates & Parker (1986). 
Although the same pattern of cortical senescence is seen in a 
range of cereals, cortical senescence is always slower in barley than 
in wheat (Holden,1975; Deacon & Henry, 1980; Henry & Deacon, 1981; 
Figure 1.1. 	Diagrammatic representation of cortical cell death in wheat 
seminal root axes (not to scale; stippling represents 
nucleate cortical cells). 
Zone of nucleate root 
cortex immediately below 
the grain 
Persistence of nuclei in 
several cell layers around 
the bases of young laterals 
"End-point" of RCD, in which 
only the innermost, sixth, 
cortical cell layer next to 
the endodermis remains 
nucleate 
Root tip and regions of 
cell differentiation and 
elongation are totally 
nucleate; nuclei begin to 
be lost from root hairs and 
then epidermal cells then 
progressively from cortical 
cell layers 2-5 
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Yeates & Parker, 1986), and slower still in oats and rye (Deacon & 
Mitchell, 1985; Veates & Parker, 1986). It occurs also in a range of 
non-cereal grasses (Kirk, 1982) and in maize (Deacon, Drew & Darling, 
1986). 
Henry & Deacon (1981) found that this pattern of cortical 
senescence occurs in both non-sterile and sterile conditions, and that 
the rate of senescence is not enhanced in the presence of the weakly 
parasitic root-infecting fungi, Phialophora graminicola (Deacon) Walker 
or Microdochiurn bo1ley4 (Sprague) de Hoog & Hermanides-Nijhof. They 
termed the phenomenon "non-pathogenic root cortex death", abbreviated 
to "RCD", which will be used throughout this thesis. 
Henry & Deacon (1981) suggested that RCD is a normal feature of 
cereal root development, associated with ageing and with a change from 
a predominantly nutrient-absorbing role of the root near its tip to a 
predominantly conducting role in the older regions. They suggested 
that the root cortex dies because it does not receive acontinuing 
supply of plant assimilates, either because it no longer acts as an 
efficient assimilate sink or because endodermal suberization and wall 
thickening restrict the efflux of nutrients to the cortex. The 
former suggestion was thought to be the more likely, although Barlow 
(1982) noted that the evidence for it is weak. 
RCD seems to be a natural phenomenon associated with normal 
development of the whole organism; on this basis it is an example of 
programmed cell death, rather than necrotic cell death - a 
distinction discussed in detail by several contributors (e.g. Gahan, 
1984) in Davies & Sigee (1984). Early, progressive RCD has been 
detected in all graminaceous plants studied to date, but as yet there 
is little information on its occurrence in dicotyledonous plants. 
Tommerup (1984) could not detect it in six-week old rape (Brassica 
napLs) plants, whereas Macleod, Robson & Abbott (1986) detected RCD in 
rape but not in subterranean clover. Roots of many dicotyledonous 
plants eventually shed the cortex when they undergo secondary develop-
ment, but this is not strictly equivalent to RCD in the Gramineae, 
which occurs in young root regions and progresses inwards towards the 
endodermis in the absence of secondary thickening. 
1.2.1. 	Validation of Nuclear Staining for Assessment of RCD 
Several lines of evidence were advanced by Holden (1975) and 
Henry& Deacon (1981) to support the use of nuclear staining to assess 
cell death. 
Holden (1975) found that the pattern and amount of RCD as 
determined by Feulgen staining of nuclei were similar to those found 
with a variety of cytoplasmic stains: the uptake of neutral red by 
living cells (Luyet, 1937; McElgum & Harrison, 1969), the plasmolysis 
of intact cells after neutral red uptake (Tribe, 1955) and the 
exclusion of Evan's blue by cells with an intact plasmalemma (Caff & 
Okong'o-Ogola, 1971). Henry & Deacon (1981) showed that nuclear 
staini.ng with Feulgen reagent and acridine orange gave similar results 
for amounts and patterns of RCD, and were also consistent with 
observations on unstained roots. The acridine orange method, however, 
was found to be the most convenient (Henry & Deacon, 1981). Lewis & 
Deacon (1982) also reported a close correlation between results for 
RCD based on acridine orange staining of nuclei and cytoplasmic 
staining with neutral red, followed by plasmolysis. 
A close correlation between results of cytoplasmic vital stains, 
nuclear stains, and assessments of cell membrane integrity is important, 
because senescing plants cells lose nuclei at different times, and 
some anucleate cells may still remain functional (Woolhouse, 1984). 
This is evidently not the case in RCD. 
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Deacon & Henry (1981) cited further evidence to support the use of 
acridine orange staining to assess cell death. Root tips subjected to 
phytotoxins rapidly lost stainable nuclei (Scott, Visser & Rufenacht, 
1979), as did whole regions of roots below severe take-all lesions 
(Deacon & Henry, 1978) as a result of severence of these root regions 
from a supply of photosynthate (Asher, 1972; 	Clarkson, Drew, 
Ferguson & Sanderson, 1975). The pattern of RCD assessed by acridine 
orange staining of nuclei correlates closely with the patterns.of 
growth on roots by weakly parasitic fungi that can be expected to 
colonise senescing tissues (Holden, 1976; Deacon, 1980; Kirk, 1982). 
Furthermore, anucleate root cortical cells do not respond to invasion 
by parasitic fungi by producing papillae-like lignitubers, suggesting 
that such cells have little, if any, resistance to invasion (Holden, 
1976; Deacon & Henry, 1980). All available evidence, therefore, 
suggests that cells that fail to show evidence of a nucleus when 
stained with acridine orange are non-viable. 
1.2.2. 	Factors Influencing RCD 
As previously noted, the rate of RCD differs between species of 
cereals (Holden, 1975; Henry & Deacon, 1981; Deacon & Mitchell, 
1985; Yeates & Parker, 1986) and also between grasses (Kirk, 1982). 
The rate of RCD is also reported to differ between cultivars of wheat 
(Henry & Deacon, 1981; Deacon & Lewis, 1982) and of perennial rye-
grass, Lolium perenne L. (Kirk, 1982). Thus, RCD appears to be at 
least partly under genetic control; this was confirmed by Deacon & 
Lewis (1982) who showed that chromosome-substitutions between 
Canadian spring wheats can result in significant alterations in rate 
of RCD. Perhaps surprisingly, Henry & Deacon (1981) found that the 
rate of RCD was not increased by the addition of microorganisms to 
sterile vermiculite or perlite, and was not increased in soil by 
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the presence of the weakly parasitic necrotrophic fungi, Phialophora 
graminicola (Deacon) Walker or Microdochium bolleyi. The lack of 
effect of M. bolleyi on RCD was confirmed by Kirk (1982). 
It was proposed that RCD is largely endogenously controlled, as a 
result of reduced amounts of organic nutrients from the stele reaching 
the cortex which ceases to be an effective nutrient sink as compared 
with growing tips of the root axis and laterals (Henry & Deacon, 1981). 
In an attempt to test this hypothesis, Lewis & Deacon(l982) 
investigated the effect of shading on RCD in wheat and barley, the 
expectation being that shading would increase the rate of RCD by 
reducing assimilate supply to the root system (Milthorpe & Ivins, 1966). 
However, shading of plants to a quarter or third of "control" light 
intensity significantly reduced the rate of RCD in first seminal root 
axes. In explanation of this, it was noted that total root growth 
and branching was significantly reduced by shading and it was postulated 
that this caused a decrease in competition for plant assimilates within 
the root system such that, despite a lower total amount of assimilate 
reaching the root system, the first seminal roots (which were assessed 
for RCD) received more assimilate than they would in the absence of 
shading. 
Lewis & Deacon (1982) also examined the influence of powdery 
mildew (Erysiphe graminis DC) infection of barley on the rate of RCD, 
as did Deacon & Mitchell (1985) for wheat. In both studies, powdery 
mildew infection had no effect on RCD, despite the marked effect of 
infection on both root and shoot weights as also reported by others 
(Last, 1962; Lupton & Sutherland, 1973; Walters & Ayres, 1981). 
Root impedance caused by a nylon gauze barrier in soil was found to 
increase the rate of RCD in Lolium perenne (Kirk, 1982); it caused a 
more rapid approach to the "end point" of cortical senesence (when 
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only the innermost cell layer remains nucleate) behind the root tips 
than occurred in unimpeded conditions. Henry & Deacon (1981) also 
found that RCD of cereals is more rapid in shallow than in deep soil 
containers - a potentially important finding because even large pots of 
soil, as frequently used in experiments on cereals, must impede the 
growth of root axes at an early stage of plant development. 
When the work in this thesis was initiated - and indeed when the 
experimental work was completed - there was no published information on 
effects of mineral nutrition on RCD. Very recently, MacLeod, Robson & 
Abbott (1.986) described effects of soil phosphorus supply on RCD of 
wheat. This work will be discussed in relation to my findings, in 
Section 3. 
1.2.3. 	RCD in Detached Roots and Root Pieces 
Kirk (1982) compared the effects of take-all infection (caused by 
Gaeumannomyces graminis (Sacc.) Arx & Olivier var tritici Walker) and 
amputation on cortical senescence of wheat seminal roots in soil, 
because take-all infection leads to phloem disruption and thus 
severance of the distal regions of roots from a supply of plant 
assimilates (Asher, 1972; 	Clarkson et al., 1975). RCD was enhanced 
by these treatments relative to that in control (undamaged) roots, but 
the pattern of RCD was unaffected: senescence began in the root 
epidermis behind the tips of the root axes and progressed inwards with 
increasing age of root regions. Eventually, the whole root, including 
the stele, becomes anucleate below the level of a severe take-all 
lesion (Deacon & Henry, 1978). 
Kirk (.1982, 1984) also studied the rate of loss of stainable 
nuclei from 2 cm lengths of wheat, barley and grass seminal root buried 
in soil. Again, nuclei disappeared first from the outermost cell 
layer and then from cell, layers progressively inwarcbtowards the stele, 
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the innermost cell layer remaining viable for longest. RCD was faster 
in wheat than in barley or grass root pieces, reflecting the 
difference seen in whole, intact plants. Moreover, the regions of 
root axes adjacent to points of lateral emergence also remained 
nucleate for longer than did other regions of the axes, as is found in 
whole plants. Evidently, the inherent pattern of RCD is unaffected by 
severance of roots or root pieces. 
Recently, Deacon & Lewis (1986) studied RCD in 2 cm lengths of 
sterile wheat root axis maintained on either water agar (WA) or potato 
dextrose agar (PDA). The pattern of RCD was exactly as described by 
Kirk (1982) for root pieces, and by Holden (1975) and Henry & Deacon 
(1981) for intact, attached roots. But the rate of cortical senescence, 
assessed by both acridine orange staining of nuclei and neutral red 
staining of cytoplasm followed by plasmolysis (Tribe, 1955) was slower 
on PDA than on WA. If the 2 cm lengths of axis were prepared to 
include the root tip then :they continued to extend on PDA but only 
poorly on WA. Root laterals were initiated and grew on PDA from root 
pieces with or without tips, but not on WA. 
1.2.4. 	Summary of the Characteristics of RCD. in the Graminese 
From all of the work reported to date, it is clear that there is a 
characteristic pattern of RCD in seminal roots of the Gramineae, and 
that the rate but not the pattern of RCD is influenced by both genetic 
and environmental factors. RCD has been recorded in both glasshouse 
and field conditions (e.g. Henry & Deacon, 1981), and it is not 
necessarily accompanied by browning and sloughing of the cortex. 
Indeed, the outer five of six cortical cell layers of cereal seminal 
root axes can be anucleate and unable to resist invasion by parasitic 
fungi, and yet the cortex can appear to be white and healthy, as first 
demonstrated by Holden (1975). Eventually, however, the cortex 
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sloughs from the root. 
Various attempts have been made to explain the pattern of RCD in 
terms of assimilate supply and distribution in roots, but without 
much supporting evidence, as noted by Barlow (1982). In this respect, 
the use of excised roots or root pieces seems to hold much promise 
because the pattern of RCD is maintained in these. Little is known 
about the effects of soil physical or chemical factors on RCD, except 
that impedance of root axes caused by shallow depth of soil enhances 
the rate of senescence. 
1.3. 	IMPLICATIONS OF RCD FOR INFECTION BY PARASITIC FUNGI 
Work to date concerning the effects of RCD on root-infecting fungi 
has almost exclusively concentrated on colonisation by necrotrophs, 
especially the take-all fungus and related species. Virtually no 
studies have considered directly the possible effects of RCD on root 
colonisation by biotrophic or purely saprophytic fungi. Here the 
ecologies of these three groups of fungi are reviewed, with special 
reference to aspects relevant to RCD. 
1.3.1. 	Gaeumannomyces graminis and Phialophora graminicola 
Gaeumannomyces graminis var. tritici (CCI) is the aggressively 
pathogenic take-all fungus of wheat and barley. It can invade fully 
functional root cortices, penetrate through the depth of the cortex, 
sometimes inducing the formation of lignitubers or other host 
reactions (Fellows, 1928; Skou, 1981), and then penetrate the stele. 
The fungus preferentially invades phloem tissue (Fellows, 1928; 
Clarkson et al., 1975), stopping translocation of assimilates and 
root growth below the level of infection, and then invades the xylem 
where it causes blockage by the accumulation of gum and gel-like 
deposits (Fellows, 1928; Clarkson et al., 1975; Manner & Myers, 
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1981). If enough roots are infected in this way then the plant dies as 
a result of water or mineral nutrient deficiency; in this respect, the 
distribution of infection can be more important than the extent of 
lesions (Scott, 1981) because infections near the top of a root are 
particularly damaging. In optimum plant growth conditions, however, 
new roots can be produced to offset the damage caused by infection 
(Manners & Myers, 1981), this phenomenon being termed "compensatory 
root growth" (Crossett, Campbell & Stewart, 1975). 
CCI shares a common infection habit with other, similar fungi, 
such as the oat take-all fungus C. graminis var. avenae (Turner) 
Dennis (GGA) and the common non-pathogenic fungus of grasslands, 
Phialophora graminicola. All of these have an ectotrophic infection 
habit, first described by Garrett (1956); they grow on the root 
surface as darkly pigmented, lysis-resistant runner hyphae and invade 
cortical cells by means of narrow hyaline infection hyphae that arise 
from the runner hyphae. These fungi are restricted almost entirely 
to graminaceous hosts (Scott, 1981), but different host species vary 
in susceptibility to the aggressive pathogens (Nilason, 1969; Scott, 
1981). Wheat is highly susceptible to CCT and CGA, barley somewhat less 
so, and rye is moderately resistant; oats are resistant to most 
isolates of CCI, but highly susceptible to GCA (Scott, 1981). A pre-
formed inhibitor, termed avenacin, in oat roots is implicated in their 
resistance to CCI and some other fungi (Turner, 1956; Holden, 1980; 
Holden & Ashby, 1981). Apart from avenacin, the reasons for 
differences in susceptibility to take-all infection among cereals and 
grasses are not clear. Part of the explanation may be that cereals 
produce different numbers of seminal roots or have different abilities 
for compensatory root growth; this is often advanced in explanation 
of the greater tolerance of barley and rye than of wheat to CCI 
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(Asher, 1972b; Skou, 1981). Deacon & Mitchell (1985) and Veates & 
Parker (1986) raised the further possibility that RCD is implicated in 
differences in resistance, because the least resistant host, wheat, 
has the fastest rate of RCD, the next least resistant host, barley, 
has the next fastest rate of RCD, and the resistant hosts, oats and 
rye, have least rapid RCD. In contrast to CGT, P. graminicola is 
weakly or non-pathogenic (Deacon, 1981a), although recent reports 
suggest that isolates from the USA, which may or may not be 
taxonomically identical to British isolates, are pathogenic to 
grasses (Srniley, Fowler & Kane, 1985). Holden(1976) found that dark 
runner hyphae of P. graminicola are initially confined to the surface 
of young wheat roots, but in older regions they grow deep within the 
cortex. This pattern of growth correlates with the pattern of RCD 
in uninfected or infected roots, and the depth at which dark runner 
hyphae of P. grarninicola occur in the cortex is significantly 
correlated with the amount of RCD (Holden, 1976; Deacon, 1980). 
Holden (1976) concluded that P. graminicola is a weak parasite (and 
not only a weak pathogen), that is restricted to colonisation of 
dead or dying host cells. This is supported by the fact that 
P. graminicola does not enhance RCD, as it would if it were a more 
aggressive invader of the cortex (Henry & Deacon, 1981). However, 
P. graminicola has a relatively low competitive saprophytic 
ability (Balis, 1970), which seems incompatible with its role as a 
coloniser of senescing tissues that are available for colonisation 
by purely saprophytic fungi. Deacon (1980) reconciled these points, 
by suggesting that P. graminicola grows ectotrophically (by dark 
runner hyphae) relative to the outermost layer of living host cells. 
He argued that the runner hyphae act as inoculum bases from which 
the fungus can infect cortical cells as soon as they begin to 
16. 
senesce and thus in advance of purely saprophytic fungi. Kirk (1982) 
found a similar close relationship between the degree and depth of 
colonisation of wheat roots by the "minor pathogen" Ilicrodochium bolleyi 
and the amount of RCD. Like P. graminicola, M. bolley .i does not affect 
the rate of RCD. Deacon & Lewis (1986) have further extended these 
studies,. and shown that, in sterile wheat root pieces maintained on 
agar, P. graminicola depends upon RCD for cortical invasion. 
As noted earlier, CCI differs from P. graminicola in being an 
aggressively pathogenic invader of root cortices and can probably over-
come the resistance of living, functional cortical cells, However, 
there is a relationship between the degree of resistance of different 
cereals to take-all infection and their rates of RCD, and this is 
supported by experiments in which the fungus was inoculated on root 
regions of different ages (Deacon & Henry, 1978, 1980). Infection was 
more severe when wheat seminal roots were inoculated on young (0-day) 
than on old (15-day) root regions, but less severe following inoculation 
of young than of old barley root regions. In explanation of these 
differences Deacon & Henry (1980) noted that root age is accompanied 
not only by RCD but also by endodermal wall thickening and lignification. 
It was suggested that RCD benefits the fungus because fewer living cell 
layers need to be penetrated before the stele is invaded and the fungus 
can also increase its inoculum potential because of nutrients made 
available in the senescing cortex. However, endodermal development 
presents a partial barrier to invasion of the stale (Fellows, 1928; 
Robertson, 1932; Clarkson & Robards, 1975), so the effect of root 
ageing depends on the relative advantage or disadvantage to the fungus 
from these counteracting factors. In wheat, with its extremely rapid 
rate of RCD, CCI was thought to gain little advantage from any 
enhancement of RCD that occurs on root ageing but, instead,is 
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disadvantaged by endodermal development. In barley, with its slower rate 
of RCD and less marked endodermal development than in wheat, the effect 
of root ageing was beneficial to infection. 
In an attempt to overcome these interpretational difficulties and 
provide direct evidence of a benefit to GOT from RCD, Kirk (1984) 
inoculated young regions of barley roots with small inoculum blocks of 
OCT and supplemented some of the inocula with 1 cm lengths of excised 
barley roots in the expectation that the excised root pieces would 
senesce rapidly. Supplementation of the inocula with excised root 
pieces did enhance infection of the intact roots by COT, supporting 
the view that the pathogen can benefit from nutrients released during 
cortical senescence. There was no significant benefit, however, if 
the excised roots had been buried in soil for two days prior to use, 
because then they were thought to have been colonised by saprophytes to 
the exclusion of GOT. 
In the above-mentioned paper it was emphasised that most benefit 
to GOT from RCD is likely to occur when the pathogen has an initially 
low inoculum potential such that it cannot readily overcome the 
resistance of the living root cortex. Brown & Hornby (1971) described 
a prolonged "feeding stage" of COT on wheat roots in these conditions. 
Brooks (1965) found that ascospores of GOT (with low inoculum 
potential) cannot successfully infect wheat roots in soil. Hornby 
(1975)has shown that the infectivity of natural inoculuni fragments 
(pieces of host debris) declines with decreasing size in Field soils; 
Wilkinson, Cook & Alldredge (1985) demonstrated the same thing for 
artificial inoculum units. There is, thus, reason to believe that 
RCD can influence take-all infection in soil, even though the fungus 
is an aggressive invader of living root cortices when its inoculum 
potential is high. Lewis & Deacon (1982) reported that shading 
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reduces RCD in wheat and barley seedlings, and on this basis explained 
the reports by Garrett (1934) and Gilligan (1980) that shading in the 
presence of "adequate mineral nutrients" significantly reduces growth 
by CCI on wheat roots. 
In view of all the above findings, RCD has been implicated in the 
ability of P. graminicola and similar weak pathogens to control take-
all disease as first demonstrated by Scott (1970) and repeatedly 
confirmed for both grasses and cereals (Balis, 1970; Deacon, 1973a, b, 
c, 1974; Speakman & Lewis, 1978; Slope, Salt, Broom & Gutteridge, 
1978; Wang & Siviour, 1979; Wang & Southwell, 1979; Wang, 1981). 
Many of these papers also report that other weakly pathogenic dark 
mycelial fungi give significant control of take-all in glasshouse or 
field conditions. Wang (1981) discussed the possible mechanism of 
biocontrol in these circumstances. There is no evidence to implicate 
phytoalexins such as those reported in legumes (Deverall, Wang & 
McLeod, 1979). Speakman & Lewis (1978) suggested that the mechanism 
of control may involve induced endodermal development by P. graminicola, 
to the detriment of CCI. But their demonstration of this in wheat 
roots was not supported by evidence from experiments on maize and grass 
roots (Speakman, Garrod & Lewis, 1978). Deacon (1981a) suggested that 
the mechanism involves competition for nutrients during the early 
stages of RCD, and noted that this is the only mechanism proposed to 
date that explains all aspects of the phenomenon, including the fact 
that CCI can itself reduce the degree of colonisation of roots by 
P. graminicola in appropriate conditions. Kirk (1962) provided 
further support for this view, in showing that M. bolleyi benefits 
from RCD and also controls take-all infection in mixed inoculations 
in soil. RCD may thus have important implications not only for 
growth of the individual parasites on cereals and grasses, but also 
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for natural (Deacon, 1973a, b, c, 1974a) and man-managed control of the 
take-all fungus in field soils (Wong, 1981). 
1.3.2. 	Vesicular-Arbuscular Nycorrhizal Fungi 
Vesicular-arbuscular mycorrhizal (VAN) fungi are ubiquitous, 
occurring in the roots of most higher plants in most geographical 
locations (Nicolson, 1967; Cerdemann, 1968). They are very common in 
roots of the Gramineae (Hayman, 1978). Despite being, obligate bio-
trophs, dependent on living host cells (Lewis, 1975), they show little 
host-specificity (Smith, 1980). The taxonomy of these fungi has 
recently been reviewed extensively (Trappe, 1982; Trappe & Schenck, 
1982; Hall, 1984), as have numerous aspects of their physiology and 
ecology, and the host-fungus interaction (Masse, 1973; Mosse, Stribley 
& Lelacon, 1981; Tinker, 1975a, b, 1978; Smith, 1980; Bonfante-
Fasolo, 1984; Daniels Hetrick, 1984; Cooper, 1984; Fitter, 1985). 
The arbuscules, which characterise the VAN fungi, are somewhat 
ephemeral tree-like branching systems that occur within the host cells 
but , outside of the host cell membrane, which invaginates to 
accommodate them. The mean life-span of arbuscules may be only 4-5 
days (Cox & Tinker, 1976) and perhaps seldom exceeds 15 days (Bevege 
& Bowen, 1975). They occur mainly in the inner cortical cell layers 
of host roots, and in grasses they commonly occur in the innermost 
cortical cell layer, and form a "sheath" around the stele (Nicolson, 
1959). Most, though not all, VAN fungi also form vesicles, which 
occur inter- or intracellularly in either the inner or outer cortex. 
Whereas the arbuscules are known to function in the exchange of 
minerals and carbohydrates between host and fungus (Woolhouse, 1975; 
Cox, Sanders, Tinker & Wild, 1975; Cox & Tinker, 1976; Callow, 
Capaccio, Parish & Tinker, 1978; Marx, Dexheimer, Gianinazzi-
Pearson & G.ianinazzi, 1982; Gianinazzi, Dexheimer, Gianinazzi- 
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Pearson & Marx, 1983), the roles of vesicles are less clear; they are 
usually lipid-rich and perhaps function as resting structures 
(Bonfante-Fasolo, 1984). 
Infection of roots by VAN fungi involves the development of an 
appressorium-like structure beneath which the fungus penetrates the 
wall of a root hair or epidermal cell (Mosse, 1959; Abbott & Robson, 
1978; Sward, 1978). However, these fungi can also penetrate between 
epidermal cells, followed by intercellular spread (Cox & Sanders, 1974; 
Gianinazzi-Pearson, Morandi, Dexheimer & Gian.inazzi, 1981), or their 
hyphae can pass between sloughing root cortex cells and penetrate the 
first intact (living) layer of cells (Scannerini & Bonfante-Fasolo, 
1983). Infection by VAN fungi often results in a stimulation of plant 
growth (Baylis, 1959, 1967, 1970; Daft & Nicolson, 1966; Hayman & 
Mosse, 1971; Mosse, 1972; Mosse & Hayman, 1971; Mosse, Hayman & 
Ide, 1969), particularly in nutrient-poor soils (Tinker, 1975a) and 
hence is important in natural ecosystems (Nicolson, 1960; Nicolson & 
Johnston, 1979; Koske, 1981; Koske, Sutton & Sheppard, 1975) and in 
the re-colonisation by plants of mining sites (Daft & Nicolson, 1974; 
Reeves, Wagner, Moorman & Kiel, 1979; Allen & Allen, 1980). Further-
more, noticeable anatomical modifications to stems and leaves also 
occur following mycorrhizal infection (Daft & Nicolson, 1969; Daft & 
Okusanya, 1973; Krishna, Suresh, Syanisunder & Bagyaraj, 1981), 
although no obvious changes are evident in roots (Daft & Okusanya, 1973; 
Daft & Hacskaylo, 1977; Krishna et al., 1981). The most important 
role of VAN fungi is to increase the supply of phosphorus to the host, 
either because the hyphae that radiate from the root surface increase 
the surface area for nutrient absorption or by other possible 
mechaiisms discussed by Tinker (1975b), Cooper (1984) and Abbott & 
Robson (1982, 1984). In this respect, it is interesting to note that 
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there is much evidence to suggest a correlation between the frequency 
and length of root hairs producedbya plant species, and the ability of 
the plant to grow without mycorrhizal fungi (Baylis, 1970, 1975; St. 
John, 1980; Chilvers & Daft, 1981). 
Mycorrhizal plants often show increased uptake of other inorganic 
nutrients; for example K, Ca, Mg, Fe, Cu, Mn, Zn, Na, B. But in many 
instances these seem to be indirect effects of improved phosphorus 
nutrition, which enhances plant growth and, therefore, rooting 
capacity (Mosse, 1973; Cerdemann, 1975; Russell, 1977) and usually 
nutrient concentrations of mycorrhizal and nonmycorrhizal plants are 
similar on a dry weight basis (Ross, 1971; Jensen, 1982). Conversely, 
plants infected with VAM fungi generally have a lower tissue nitrogen 
concentration (as % dry weight) than those without mycorrhizas (Dart, 
Hacskaylo & Nicolson, 1975) probably as a result of increased growth 
of infected plants (Smith, 1980). However, infection of legumes by 
VAM fungi can indirectly result in enhanced nitrogen nutrition of the 
host, as a consequence of increased nodulation and nitrogen fixation, 
when phosphate supply limits the growth of non-mycorrhizal plants 
(Masse, Powell & Hayman, 1976; Daft & El-Giahmi, 1974, 1976; Smith 
& Daft, 1977, 1978). 
Infection of plants by VAM fungi can either increase or decrease 
plant susceptibility to pathogens; in general, infection by viruses 
and leaf-infecting biotrophic fungi is increased by VAM infection, 
whereas infection by necrotrophic root-infecting fungi is decreased 
(Daft & Okusanya, 1973; Schonbeck & Dehne, 1979; Graham & Menge, 
1982; Bagyaraj, 1984). Again, these may be secondary effects, caused 
by changes in vigour of the plants as a result of enhanced phosphorus 
nutrition or , in the case of viruses, because of the P content of 
host cells. 
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VAM infection can lead to reductions in plant growth, especially in 
phosphate sufficient soils. The most likely explanation of this is that 
infection causes a significant drain on host assimilates (Harley, 1969; 
Smith, 1980) because VAM fungi can represent up to 17% of the total root 
dry weight (Hepper, 1977). However, the degree of VAM infection is 
often markedly influenced by phosphorus availability, with significantly 
less infection occurring in phosphorus-rich conditions (Mosse, 1973; 
Mosse, Stribley & Lelacon, 1981; Tinker, 1975a, b; Smith, 1980). It 
seems likely that infection of roots is regulated by the phosphorus 
content of the plant tissue rather than the phosphorus content of soil 
(Sanders, 1975; Menge, Steirle, Bagyaraj, Johnson & Leonard, 1978; 
Jasper, Robson & Abbott, 1979). This may be related to the finding 
that high phosphorus contents of roots are associated with low• soluble 
carbohydrate contents of root tissues (Graham, Leonard & Menge, 1982; 
Same, Robson & Abbott, 1983), an effect also caused by low light 
intensities (F-'ayman, 1974; Daft & El-Giahmi, 1978; Graham et al., 
1982) and low root temperatures (Hayman, 1974; Graham et al., 1982), 
which can reduce VAM infection. 
Phosphorus also has a significant effect on the permeability of 
root cell membranes (Ratnayake, .Leonard & Menge, 1978). At low P-
levels membranes become leaky and root exudation, measured as net 
leakage of soluble amino acids and reducing sugars from the roots 
within a 17 hour period, is significantly increased. Furthermore, 
Graham, Leonard & Menge (1981) showed that formation of VA mycorrhizas 
in roots of sudangrass (Sorghum vulgare Pers.) was higher at low P-
levels and was closely correlated with the amount of root exudation. 
Changes in root exudation correlated closely with membrane permeability 
rather than with internal root content of reducing sugars and amino 
acids. Successful VA mycorrhiza formation resulted in an increase in 
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plant phosphorus content, and a reduction in root exudation. Graham et 
al. (1981) suggested that, under low phosphorus nutrition, increased 
membrane permeability leads to net loss of rnetabolites at sufficient 
levels to sustain the germination and growth of the mycorrhizal fungus 
during pre- and post infection. They further suggested that mycorrhizal 
infection leads to improvement of root phosphorus nutrition and a 
reduction in membrane-mediated loss of root metabolites. In other 
words, there is a suggested feedback mechanism regulating the initiation 
of infection. However, assuming that Sorghum vulgare behaves like other 
members of the Gramineae, it is quite likely that it shows RCD. Neither 
Ratnayake et al. (1978) nor Graham et al. (1981) compared senescence in 
the outer cortex of roots maintained at different phosphate levels, no 
attempt being made to differentiate between soluble exudates and soluble 
lysates from senescing cells, if such a distinction is possible. Exudation 
of amino acids increased much more than did exudation of reducing 
sugars at low P-levels. Ratnayake et al. (1978) found broadly similar 
results for the effect of P on root exudation in Citrus aurantium L. (a 
non-graminaceous plant), although release of exudates, particularly 
amino acids, was not affected as much as in sudangrass. It may be that 
the greater effect of P-nutrition on release of "exudates" from sudan-
grass was partly as a result of increased cortical senescence. If so, 
then the decrease in exudation occurring when plants become mycorrhizal 
could be accounted for in two ways; firstly, increased P-nutrition (as 
a result of mycorrhizal infection) might delay RCD and, secondly, the 
established VAM infection might sequester organic nutrients thereby 
reducing the rate of root exudation. Such a sequestering of plant 
assimilates, or prior use of exudates, by VAM fungi has been suggested 
to account for a decrease in infection of wheat by C. graminis at low 
P-levels, when the plants were heavily mycorrhizal (Graham & Menge, 
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1982). 
Azc6n & Ocampo (1981) compared the relative susceptibility of 
thirteen cultivars of wheat to infection by the VAM fungus, Glomus 
mosseae (Nicol. and Cerd.) Gerdemann and Trappe; they concluded that 
absence of mycorrhizal infection in some wheat varieties was associ-
ated with lack of sugar exudation from roots, and that the total sugar 
extractable from roots was decreased following VA mycorrhiza formation. 
However they were unable to demonstrate a relationship between the 
sugar content of root exudates and the relative susceptibilities of 
host and non-host plants to infection (Azc5n & Ocampo, 1984): root 
exudates of non-hosts (radish and cabbage) often contained more 
reducing sugars and stimulated spore germination by VAM fungi to the 
same degree as did host root exudates. Ocampo & Azc6n (1985) 
compared the relationship between internal sugar concentrations of 
roots and VA mycorrhiza formation. Three varieties of wheat, known 
to differ in susceptibility to VA mycorrhizal formation, were 
compared for internal sugar concentrations in the presence or absence 
of mycorrhizas. There was no clear relationship between extractable 
sugar levels and extent of mycorrhizal infection; furthermore, "non-
host" plants often had higher internal sugar levels than did "host" 
plants. These workers supported the conclusion of Nemec & Guy (1982), 
that sugars are not mobilised towards roots as a result of mycorrhizal 
infection. 
Clearly, the relationship between phosphorus nutrition, infection 
by VAM fungi and patterns of nutrient concentration and release from 
roots is complex. In the Gramineae, at least, RCD can be expected to 
influence the relationship, but to date there has been only one study, 
that of MacLeod et al. (1986). If, as proposed by several workers, 
infection by VAN fungi is stimulated by root "exudates", then the 
early stages of RCD may be beneficial to infection. On the other 
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hand, being biotrophic, the VAN fungi require living host cells, so 
subsequent cortical senescence may be detrimental to these fungi. 
1.3.2. 	Fairy Rings in Grassland 
Fairy rings are common in agricultural, natural and amenity grass-
lands. They are caused by soil and litter fungi (Smith, 1980) and are 
seen as annuli of fungal fruiting bodies or modified turf growth, 
expanding radially at between 7.5 and 35.0 cm annum 	(Jackson & Smith, 
1965; Ingold, 1974). Shantz & Piemeisel (1917) classified fairy ring 
fungi.into three types according to their effects on grass growth, as 
follows, and the notations apply also to the rings themselves. Type I 
fairy rings are caused by fungi such as Marasmius oreades (Bolt. ex Fr.) 
Fr. that kill or badly damage the turf. Typically, a ring of dead turf 
is bordered, externally and internally, by rings of stimulated grass 
growth. Type II fairy rings, caused by fungi such as Agaricus 
campestris (L.) Fr., involve only a zone of stimulated grass growth; 
there is no obvious dead zone. Type III fairy rings consist merely of 
rings of fungal fruiting bodies; there is no visible effect on grass 
growth. 
Type I and, to a lesser degree, Type II fairy rings cause concern 
particularly in sports turf, because they are unsightly and can affect 
playing qualities of the turf. Most evidence suggests that the fungi 
that cause fairy rings grow exclusively as saprophytes, degrading the 
"thatch" of accumulated dead roots, leaves and stein bases (Bayliss, 1911, 
1926). Mathur (1970) found that N. oreades can utilise humus from a 
range of soils in culture, evolving high levels of carbon dioxide and 
liberating both ammonium and nitrate. However, Evans (1967) concluded 
that N. oreades is a parasite of grass roots and that its parasitic 
activity contributes to plant death in Type I rings. Fungi such as 
Tricholoma spp., which form Type II rings, are not considered to be 
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parasitic (Bayliss, 1926). 
In addition to the possibility of direct parasitism, several workers 
have implicated toxins in the death of turf caused by M. oreades. 
Lösecke (1871) first reported that hydrogen cyanide is produced by fruit-
bodies of M. oreades; Mirande (1932) found that HCN was produced by 
fruitbodies but not by mycelium of this fungus. Lebeau & Hawn (1963) 
found that mycelial cultures of five single-spore isolates of M. oreades 
produced HCN, but in varying amounts. Cores of soil ôontaining large 
amounts of myceliüm of this fungus were removed from "the most severely 
infected portions" of a ring and cyanide was extracted from them but 
not from cores of surrounding healthy turf (Lebeau & Hawn, 1963). 
Despite this work, however, Smith (1980) stated that the significance 
of parasitism and of HCN production by M. oreades is still questionable. 
The bare (dead) zone of Type I rings caused by Ni. oreades is 
characterised byanabundance of mycelium in the soil (Figure 1.2), to 
such an extent that the soil becomes hydrophobic and plants die of 
drought (Shantz& Piemeisel, 1917). Evans (1967) believed that this 
contributed to the death of turf, in conjunction with parasitism of 
the roots. The significance of this hydrophobicity is illustrated by 
the fact that control of grass death caused by Ni. oreades can be 
achieved by applying weak detergent solutions to the turf (Smith, 
1978). Type II fairy ring fungi do not produce such abundant mycelium 
in soil (Shantz & Piemeisel, 1917). 
Shantz & Piemeisel (1917) and Mathur (1970) attributed the outer 
stimulated zone of grass growth in Type I rings to the liberation by 
the fungus of nitrogenous compounds from soil humus, and the inner 
stimulated zone to the autolysis of mycelium, releasing nitrogen. 
Ammonium was found to be most abundant in the areas of active mycelium, 
and nitrate in the area of fungal autolysis (Shantz & Piemeisel, 
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Figure 1.2. 	Turned-back grass turf in the affected zone of a rairy 
ring of Marasmius oreades, showing abundance of 
myceliurn in the soil. 
Wp 
1917). Smith (1957) found that more ammonium and nitrate-nitrogen were 
present in the bare zones of Type I rings caused by M. oreades than in 
normal turf or other zones of the rings. Approximately the same amount 
of ammonium was found in the inner and outer stimulated grass zones, 
but more nitrate was found in the inner than outer stimulated zone. 
Smith (1957) noted that the inner stimulated zone is more conspicuous 
than the outer in rings caused by M. oreades, a difference attributed 
to the higher total available nitrogen in the inner zone. Bayliss 
(1911, 1926), however, noted that the roots of grasses at the outer 
edge of the external stimulated zone showed early browning. She 
implicaled invasion of grass roots by the fungus as an indirect 
contributory factor in the stimulation of grass growth. 
There has been no study of the effects of fairy rings or fairy 
ring fungi on root-infecting fungi, yet fairy rings offer an ideal 
opportunity to study sequential changes in the populations of such 
fungi in relation to systematic changes in vigour of grass growth. 
1.4. AIMS AND SCOPE OF WORK IN THIS THESIS 
The general aim of the work in this thesis was to further under-
standing of natural, non pathogen-induced senesence of the root 
cortex of the Gramineae, with special reference to the ecology of root-
infecting fungi. The study comprised three main areas, outlined below, 
selected because they were complementary and might, together, indicate 
the degree to which root cortical senesceflce influences the behaviour 
and distributions of parasitic fungi. 
Study of factors influencing RCD, with particular regard to 
factors known to influence.infection by the take-all fungi 
and VAM fungi. 
Study of colonisation of the root cortex of wheat by VAM 
fungi and P. graminicola, folidwing experimental manipulation 
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of the rate of RCD. 
3. 	Study of changes in populations of VAM fungi. and P. graminicola 
in different zones of fairy rings in grasslands, and of the 
reported parasitic activities of fairy ring fungi in grass 
roots. 
SECTION 2 
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SECTION 2. 	MATERIALS AND METHODS 
2.1. 	FUNGAL CULTURES 
Fungal cultures used in this study are shown in Table 2.1. Except 
for the obligately biotrophic VA mycorrhizal fungi, all were regularly 
sub-cultured on agar plates at 25 °C, the medium being Oxoid potato 
dextrose agar (PDA) or, in the case of fairy ring fungi, half-strength 
Oxoid malt extract agar (MEA). In addition, cultures were stored at 
40C on slopes of PDA and under vacuum in sea!ed glass vials following 
lyophilization. Agar inocula for experiments consisted of standard-
sized blocks or disks cut from growing cultures on agar (15 ml agar in 
9 cm diam. petri dishes). Inoculum of the VAM fungus was prepared as 
described in Section 22. 
Fungi were isolated from root tissue as follows. Selected root 
pieces, about 1 cm long, were washed free from soil under a tap and 
placed in screw-cap McCartney bottles containing 5 ml sterile 
distilled water. The vials were shaken vigorously on a wrist-action 
shaker for 2 mins, then the root pieces were transferred aseptically 
to other vials containing sterile water. This procedure was repeated 
with four changes of water, and finally the root pieces were shaken 
in a sterile antibiotic solution containing 50 ug ml 	aureomycin 
hydrochloride and 50 jig ml 	streptomycin sulphate. The root pieces 
were transferred aseptically to plates of water agar (WA) or MEA 
containing the same concentrations'of antibiotics as above and,, for 
basidiomycetes, also containing 200 jig ml 	Benlate (equivalent to 
100 jig ml benomyl sulphate). Plates were incubated at 25 °C and 
examined microscopically for young colonies characteristic of the 
fungi under study. Sub-cultures, if necessary, were made onto PDA or 
MEA. 
Table 2.1. Origins and designations of fungal isolates. 
Fungus Isolate Source 
number 
Phialophora graminicola IBl Grass turf 
SLP1 to 	 of 
Caeumannomyces graminis SLT1 Wheat 
var tritici 
CR45/8 
Glomus fascicula turn Vi Unknown 




110111 " 	 a, 
Nov 
Agaricus arvensia As! " is 
Aaricus campestria Ac 10 
Agaricus iangei Al it 
Locality 	 Date 	 Collector 
collected 
King's Buildings, Edinburgh 	1983 	 1. M. M. Gillespie 
1980 	 S. J. Lewis 
Near Edinburgi 	 1980 	 S. J. Lewis 
Rothamsted Experimental 	Unknown 	C. J. Rawlinson 
Station, Ilerts. 
Unknown 	 Unknown 	Supplied by Dr. A. Rangeley, H.F.R.O., Edinburgh 
King's Buildings, Edinburgh 	1982 	 I. M. H. Gillespie 
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Isolates of fairy ring fungi were obtained from fruit bodies 
collected from the field. The freshly collected fruit bodies were washed 
under a tap, then immersed in 70% methylated spirits for 5-10 sec. The 
stipes were broken off, and the fruit body caps were broken apart to 
expose uncontaminated tissue. Small pieces of tissue, approximately 
1 mm3 , were picked aseptically from the caps and placed onto MEA contain-
ing antibiotics and Benlate as described above. After incubation of the 
agar plates at 25 0C, mycelia growing from the inoculum were sub- 
cultured onto FlEA. Some, but not all, isolates formed clamp connections, 
and all fungi described as fairy ring fungi could be repeatedly isolated 
from fruit bodies as pure cultures by the above method. 
2.2. 	CULTURE AND IDENTIFICATION OF VA MYCORRHIZAL FUNGI 
Glomus fasciculatum (Thaxter sensu Gerd.) Gerdemann & Trappe was 
maintained in pure culture on roots of leek (cv. Musselburgh Improved) 
plants growing in 7 cm diam. pots. The plants were grown in a mixture 
of sand and John Innes No. 3 compost (3 	1, v/v), which had been 
sterilised by autoclaving at 121 0C for 30 mm., and to which soil 
containing spores of, and root material infected by, Glomus 
fasciculatum had been added. Approximately thirty pre-germinated, 
surface-sterilised leek seeds were planted in each pot. Plants were 
watered as required, and maintained at approximately 25 0C in a glass-
house with supplementary fluorescent lighting producing a light 
intensity of C. 5 klux, measured at plant tops, in a 16 h light : 8 h 
dark cycle. Pot cultures were maintained for approximately 6-8 weeks, 
and then either used as inocula or to produce further cultures. 
Inocula were produced by the following method. Plant tops were cut 
off at soil level, and the soil mass inverted into a tray. The soil 
containing infected root material was chopped coarsely with a large 
knife until the roots had been cut into 1-2 cm lengths. The soil was 
33. 
then thoroughly mixed and incorporated into soils for experiments at the 
level indicated in the text. 
Spores of VAM fungi were isolated from soil by the method of Daniels 
& Skipper (1982) which combined wet sieving and decanting (Gerdemann, 
1955) with density gradient centrifugation (Menge, cited in Daniels & 
Skipper, 1982). Samples (10 g) of soil were mixed in 100 ml aliquots 
of water and allowed to settle; the supernatant liquid was then poured 
through a fine sieve (mesh size 90 j.im) and the material retained, on 
this was collected in tap water. The material was transferred to an 
electric blender, and blended at high speed for 2 mm. in order to free 
the spores from root material or clay particles. Ten ml of the blended 
suspension was then added to the top of a clear, plastic 50 ml 
centrifuge tube containing a sucrose gradient formed by careful layering 
of 60%, 40% and 20% sucrose solutions. The tubes were centrifuged at 
1000 g for 3 mm. in an MSE Centaur centrifuge, fitted with a swing-
bucket rotor. Debris was removed with a Pasteur pipette from the 20/40% 
and the 40/60% sucrose solution interfaces and discarded. Spores were 
removed from sucrose solution with a Pasteur pipette and washed 
immediately in tap water in order to minimise osmotic stress. They 
were observed microscopically and identified using the keys of Trappe 
& Schenck (1982) and Trappe (1982). 
2.3. 	CULTIVATION OF PLANTS 
The plants used in this study were as follows: wheat (Triticum 
aestivum L., cvs. Sicco, Mardler and Armada), barley (Hordeum vulgare L., 
cv. Golden Promise), white clover (Trifolium repens L., cv. unknown), 
lucerne (Medicago sativa L., cv. unknown) and leek (Allium porrum L., 
cv. Musselburgh Improved). Seeds were surface-sterilised by immersion 
in 95% ethanol for 10 sec., followed by two washings in sterile 
distilled water and then soaked in 0.1110 'AgNO3 solution for 10 mm. 
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Seeds were washed twice more in sterile distilled water, and allowed to 
germinate overnight on PDA in petri dishes at 25 0C. When wheat seeds 
were used for root organ culture (Section 2.5) they were maintained on 
PDA for two days following surface sterilisation, and then transferred 
to WA for a further two days prior to root excision. Approximately 
80% of seeds survived the surface-sterilisation treatment, and no 
contaminants grew from them. 
All plant containers were incubated in a heated glasshouse (mm. 
20
0C) with ventilation and shading designed to minimise temperature 
rises above 25 0C. Glasshouse experiments were not done during the 
hottest part of the year. Thermographs were used to monitor daily 
temperature fluctuations. Supplementary lighting, where used, was 
from banks of fluorescent tubes (Phillips "warm-white" and "daylight") 
supplying usually 3 klux additional illumination, measured at the tops 
of the plant containers. 
	
2.3.1. 	Growth in Plastic Drinking Cups 
Plastic drinking cups (c. 7 cm diam.,. 8 cm deep) with perforated 
bases were used in pathogenicity tests to determine the virulence of 
fungal isolates. The cups were filled to within 2 cm from the top 
with washed sand, brought to saturation with tap water. Four agar 
inoculum disks (11 mm diam.) were placed on the surface of the sand, 
and one pre-germinated seed was placed on each disk so that the roots 
would grow down through it. A shallow covering l3yer of sand was 
then placed over the seeds and watered. Controls comprised seeds 
sown in cups without inoculum disks. The containers were watered as 
required and sampled after 25 days. 
2.3.2. 	Growth in Long Perspex Tubes 
In one experiment, plants were grown in 28 cm lengths of perspex 
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tubing, 5 cm diam., standing in 7 cm diam. plastic plant pots in the 
bottom of which was a shallow layer of gravel. The tubes had several 
small holes (2-3 mm diam.) drilled along their lengths to facilitate 
washing-out of roots. They were sheathed with black plastic sheeting, 
to exclude light from the root zone, and the pots and tubes were 
filled with horticultural perlite. Two pre-germinated grains of 
wheat were sown in each tube, and a thin covering layer of sand was 
added. Polyethylene bags, used to hold plastic petri dishes, were 
opened at each end and attached to the top of each tube with an 
elastic band in order to provide a humid environment for seedling 
growth. Tubes were randomised on a glasshouse bench, with supplementary 
light, and plants were allowed to grow for up to 35 days before 
sampling. Tubes were watered with mineral salts solution as described 
in Section 2.4. 
2.3.3. 	Crowth in Long Polyethylene Tubes 
"Layflat" polyethylene tubing, 5 cm diam., was cut into lengths 
of 40 cm. One end was turned over and stapled to form a base, and V-
shaped cuts were made with a scalpel to provide drainage. The lengths 
of tubing were covered with black plastic sheeting, and suspended 
vertically from a mesh supported on a metal framework. A shallow 
layer of washed gravel was added to the bottom of each tube, and the 
tubes were then filled with perlite, freshly collected grassland soil 
passed through a 2.36 mm pore size sieve, or a mixture of John Innes 
No. 3 compost and sand (1 : 3, v/v) with or without inoculurn supple-
ments as explained later. Two pre-germinated grains of wheat or 
barley were sown in each tube, and covered with a shallow layer of 
sand. Plants were grown for up to 30 or 35 days, then sampled by 
splitting the tubes with a scalpel so that roots could easily be 
washed free from soil. Tubes containing horticultural perlite were 
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watered with mineral salts solutions as described in Section 2.4. The 
saturation capacities of the other rooting media were determined and 
the media were brought to 60% moisture content, with tap water, at the 
start of each experiment and maintained at or near this level by daily 
watering to the original weight of the plant containers. 
2.3.4. 	Growth of Wheat in Grassland Soil Cores 
Cores, 2.5 cm diam. and 5.0 cm deep, were sampled from grasslands 
with a coring tool. The shoots of the grasses were removed and 
retained for identification; the cores were then wrapped individually 
in polyethylene sheeting, inverted and stood vertically in seedling 
trays filled with sterile sand. Each core was then sown with two pre-
germinated wheat grains, covered with a shallow layer of sand, and the 
cores were heavily watered. The trays were covered with clear perspex 
propagator lids, and incubated on a glasshouse bench with or without 
supplementary lighting. Coies from different treatments were 
randomised within the trays, and watered as required; they were 
sampled after 25 days. In some experiments of this type the pH of 
soil cores was measured befpre they were sown with wheat. This was 
done by saturating the top of the core (before inversion) with water, 
mixing it to create a slurry and then inserting a glass pH electrode. 
2.4. 	MINERAL NUTRITION OF PLANTS 
In experiments involving differences in mineral nutrition, wheat 
plants were grown in horticultural perlite moistened with Murashige-
Skoog (1962) or Heller's (1953) mineral nutrient solution as modified 
by Gamborg, Murashige, Thorpe & Vasil (1976). The basic compositions 
of these are shown in Table 2.2, but they were modified to achieve 
differences in nitrogen, potassium or phosphorus content in 
individual experiments. The nutrient solutions were freshly prepared 
from sterile, stock solutions before each watering and were adjusted 
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Table 2.2. 	Compositions of mineral nutrient solutions used for plant 
culture as developed by Murashige & Skoog (1962) and 
Heller (1953). 
Salts Murashige-Skoog He:ller (modified)* 
Macronutrients mg 1 mM mg mM 
NH4NO3 1650 20.6 - - 
KNO 3 1900 18.8 - - 
CaCl 2 .2H 20 440 3.0 75 0.5 
M9SO4 .7H 20 370 1.5 250 1.0 
KH 2PO4 170 1.25 - - 
NaNO 3 - - 600 7.0 
NaH 2PO4 .H20 - - 125 0.9 
KC1 750 10.0 
Micronutrients mg 1' jiM mg UM 
gI 0.83 5.0 0.01 0.06 
H3B0 3 6.2 100 1.0 16.2 
MnSO4 .4H 20 22.3 100 0.1 0.5 
ZnSO4 .7H 20 8.6 30 1.0 3.5 
Na211o04 .2H 20 0.25 1.0 0.25 1.0 
CuSO4 .5H 20 0.025 0.1 0.03 0.12 
CoC1 2 .6H 20 0.025 0.1 - - 
FeC1 3 .6H 20 - 
- 1.0 3.7 
Na2 .EDTA 37.3 100 - - 
Fe504 .7H 20 27.8 100 - - 
* Modified by Gamborg et al. (1976). 
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to pH 5.8 with HC1 or NaOH and then autoclaved. 
Every second day during the course of the experiments, between 150 
ml and 200 ml of appropriate mineral nutrient solution was slowly 
poured into each tube containing plants and allowed to seep through the 
tube and drain from it, displacing at least part of the "old" solution 
in the tube. In this way it was hoped that mineral nutrients used by 
the plants would be replenished periodically and a relatively constant 
mineral nutrient status would be maintained around the plant roots. 
2.5. 	INCUBATION OF DETACHED ROOT PIECES 
Surface-sterilised wheat grains (Section 2.3) were incubated for 
2 days on plates of potato dextrose agar (PDA) at 25 0C in darkness, and 
then transferred for a further 2 days to plates of water agar. Two cm 
lengths of sterile root were then cut with a scalpel from the first-
formed seminal root axes, starting usually 0.2 cm behind the root tip 
so that this was excluded from the 2 cm length. In most experiments a 
smaller number of 2 cm root lengths with tips also were included. The 
root pieces were incubated, one per dish, on plates of mineral nutrient 
agar as shown in Table 2.2, with either different levels of glucose 
supplement or with 1% glucose but different levels of individual 
mineral nutrients. Each 9 cm petri dish contained 15 ml agar. The 
dishes were incubated at 25 0C in darkness, and root pieces were 
sampled after different times. 
In one experiment, agar plates with a central partition were pre-
pared such that the two halves of the plate contained different agar 
media. A depression was made in the central partition with a heated 
needle so that a root piece could be placed in it, with half of the 
root piece in contact with one medium and half with the other. There 
was no direct contact between the two agars, but they were "bridged" 
by the root piece (Fig. 2.1). This experiment involved root pieces 





Figure 2.1. 	Incubation of wheat root pieceon split agar plates. 
cm piasLc peLri 
dish with central 
division 
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with tips, the pieces being orientated so that the ends with tips were 
in contact with one type of medium, as described in the text. 
In a further experiment, plates containing PDA were pre-inoculated 
with Phialophora graminicola or Gaeumannomyces graminis, root pieces 
later being placed at the edges of growing colonies, and in some cases, 
instead of putting agar in petri dishes, circles of moist, sterile 
filter paper were placed in their bases. Root pieces, without tips, 
were maintained successively on various combinations of these substrates, 
as is described in Section 5.5. 
No contamination was experienced in any of these experiments, 
because all procedures were performed aseptically. 
2.6. 	SAMPLING AND ASSESSMENT METHODS 
Roots or root pieces from all experiments were fixed and stored if 
necessary in 70% rnethylated spirits, either directly from agar or after 
careful dissection and washing to remove particles of the rooting 
medium. 
2.6.1. 	Assessment of Cortical Senescence 
Nuclear staining was used to assess cell viability in the cortex 
of graminaceous roots, according to the method of Henry & Deacon 
(1981). Roots were hydrolysed in 3% HC1 in 95% ethanol for 15 min at 
room temperature, then washed twice for 2 min in citrate-phosphate 
buffer at pH 3.8. Root material was then immersed in 0.001% acridine 
orange in buffer for 7-10 min atroom temperature and then washed 
twice more in buffer. Whole roots or root pieces were mounted in 
buffer on large microscope slides and examined under a Leitz 
"Orthoplan" transmission fluorescence microscope, usually at 100 x 
magnification, with exciting filters BG12 and 8G38 and suppression 
filter K510; nuclei fluoresced greenish-yellow. Roots were usually 
scanned by microscope fields (100 x magnification, 1.91 mm diam.) 
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and either the number of nuclei in the cortex or the number of nucleate 
cortical cell layers was recorded for successive or alternate micro-
scope fields along the root axes. Assessments were similarly made for 
root laterals. For assessments of numbers of nuclei, the microscope 
stage was racked up until the largest number of nuclei in focus was 
seen in each microscope field; only fluorescing nuclei which were 
clearly in focus were counted, using a mechanical tally counter. In 
some cases, cortical senescence in roots was not assessed as described 
above, but was only estimated, either as a percentage of all the 
cells which were nucleate or by other semi-quantitative means 
described in the text. In some experiments the root pieces were hand 
sectioned and the presence or absence of nuclei was recorded for each 
of the cortical cell layers. Where roots were obscured by laterals 
lying across them, or by adhering debris, no assessment of RCD was 
made. 
2.6.2. 	Assessment of Fungal Invasion of Roots 
For assessment of fungal invasion, roots were usually cleared in 
1010' KOH solution and stained with 0.1 1% trypan blue in 50% lactophenol 
(Phillips & Hayman, 1970). Phialophora graminicola and Gaeumannomyces' 
graminis var tritici could be recognised and distinguished by the 
presence of dark runner hyphae and characteristic pigmented 
structures in root cortical cells (Deacon, 1981a). VAFI fungi could 
be distinguished by their blue-stained irregular hyphae and 
arbuscules. Hyaline hyphae of other fungi were also stained by 
trypan blue and were recorded but could usually not be identified. In 
most cases, assessments were made by mounting roots or root pieces in 
citrate-phosphate buffer on microscope slides and observing them at 
100 x magnification under a Leitz "Orthoplan" microscope with bright-
field illumination. •In one case, free-hand sections were cut from 
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root pieces, and the depth of cortical colonisation by fungi was recorded. 
	
2.6.3. 	Assessment of Extent of Lignification of Roots 
The extent of lignification of the inner tangential wall of 
endodermal cells, and the occurrence of lignitubers (papillae) that 
developed in response to fungal invasion were assessed by staining root 
sections with phloroglucinol-HC1 (Bradbury, 1973). The root tissue was 
incubated for 5-10 min in a solution of 5% phioroglucinol in 75% 
ethanol, then this was allowed partly to evaporate and the root tissue 
was flooded with 5 N HC1. Roots were mounted in 5 N HC1 and examined 
under a compound microscope for the presence of red-stained lignified 
cell walls or papillae. 
2.6.4. 	Estimation of the Number of Infective Propagules of VAN Fungi 
in Soil 
The most probable number (MPN) of infective propagules of VAN 
fungi in soil was estimated by seedling assay in a soil dilution series 
(Daniels & Skipper, 1982). Soil to be tested was divided into two 
batches, one of which was set aside and the other was sterilised by 
autoclaving at 121°C for 30 mm. A decimal dilution series of 
unsterilised soil was then made using the sterile soil as diluent. 
Soil samples were mixed by shaking vigorously in an inflated auto-
clave bag. Five replicate pots, each containing 50 g of soil mixture, 
were prepared for each dilution of soil tested. Pots were prepared 
with untreated soil, and a decimal dilution series down to 10 8 of 
the original; in addition, control pots were prepared containing 
only sterile soil. Five pre-germinated, surface sterilised (Section 
2.3) white clover seeds were then sown in each pot. A layer of sand 
was applied over the seeds, and the plants were allowed to grow for 
2 months on a glasshouse bench under supplementary fluorescent 
lights, being watered as necessary. Upon sampling, the roots were 
43. 
washed free from soil and cut into 2 cm lengths; they were then cleared, 
and stained with trypan blue (Section 2.6.2) and observed under a 
compound microscope. If mycorrhizas could be seen on any roots within 
a pot, then it was scored as positive. The numbers of positive scores 
from each dilution were totalled, and the most probable number of 
infective propagules present in the original soil sample was determined 
from tables in Fisher & Yates (1963). 
2.6.5. 	Determination of Soil pH and Available Phosphorus Content 
Soil pH was measured with a glass electrode inserted into a slurry 
of equal volumes of sieved soil and distilled water. A slight 
modification of this procedure was used for cores of soil, as described 
earlier (Section 2.3.4). 
The sodium bicarbonate method of Olsen, Cole, Watanabe & Dean 
(1954) as described in Chapman & Pratt (1961) was used to determine the 
amount of available phosphorus in soils. Dry soil (5 g) was shaken for 
30 min in 100 ml of 0.5 NI sodium bicarbonate solution with 1 g of 
carbon black (Darco C-60). The mixture was filtered under vacuum 
through Whatman No. 40 filter paper, and the procedure repeated if 
necessary until a clear filtrate was obtained. A 1 ml aliquot of 
filtrate was mixed with 5 ml ammonium molybdate solution in a 25 ml 
volumetric flask. The mixture was diluted to a final volume of about 
22 ml with distilled water and 1 ml of dilute stannous chloride 
solution was added and immediately mixed. The solution was made to 
volume and thoroughly shaken. Ten minutes after the addition of 
the stannous chloride solution, the absorbance of the mixture was 
determined using a spectrophotometer at a wavelength of 660 nm. The 
amount of phosphorus present was then determined by comparison with 
a standard curve. 
SECTION 3 
LATIV 
SECTION 3. 	EFFECTS OF MINERAL NUTRITION AND HYDROGEN ION 
CONCENTRATION ON SENESCENCE OF THE CORTEX OF WHEAT 
ROOTS 
3.1. 	INTRODUCTION 
The normal pattern of root cortex death (RCD) in cereals and grasses 
was described in the Introduction (Section 1), where it was noted that 
little attention had been given to the influence of soil chemical or 
physicochemical factors 'on the pattern and rate of cortical senescence. 
Soil pH and mineral nutrient availability are reported to have marked 
effects on the progress of infection of cereal roots by fungi, most 
notably by the take-all fungus, C. graminis, and by vesicular- 
arbuscular rnycorrhizal fungi. Various explanations have been proposed 
for these effects, but none of them implicates RCD, even though RCD has 
been shown, or can be expected, to have an important influence onfungal 
infection of cereal roots. 
The experiments in this section of the thesis were designed to 
investigate effects of mineral nutrients and of soil pH on the progress 
of RCD in wheat, and thus hopefully to aid the interpretation of some 
often-reported effects of nitrogen, phosphorus and pH on fungal 
infectiàn of cereal roots. When these experiments were initiated there 
were no available data on the effects of pH or mineral nutrients on RCD. 
Subsequently, however, MacLeod et al. (1986) reported the effects of 
soil phosphorus availability on RCD in wheat, and comparison of my 
results with those of MacLeod et al. (1986) will be made in the 
Discussion of this section. 
3.2. 	EFFECTS OF SOIL PHOSPHORUS SUPPLY ON CORTICAL SENESCENCE 
IN WHEAT ROOTS 
Perspex tubes, 28 cm long, were stood in 9 cm diam. plant pots and 
both the tubes and pots were filled with washed horticultural perlite 
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(Section 2.3). Two germinated grains of wheat (cv.Armada) were sown at 
the top of each tube and the perlite was brought to saturation with 
Murashige-Skoog (115) salts solution, adjusted with respect to phosphorus 
content as explained below. The tubes were incubated in a glasshouse at 
a mean temperature of 23 0C ( 20C), under banks of fluorescent lights 
supplying 7 klux measured at the tops of the tubes in a 16 h light : 8 h 
dark cycle. Every second day the mineral salts solution in the tubes 
was displaced by fresh salts solution as described in Section 2.4, in 
an attempt to minimise variations in the concentrations of mineral 
nutrients in individual tubes over the course of the experiment. 
The experiment comprised 36 tubes, nine for each of four treatments 
as follows: 
unaltered MS salts solution (with 1.25 mM KH 2PO4 ) as shown 
in Table 2.2; 
phosphate-free MS salts solution (i.e. without KH 2PO4 ); 
MS salts solution with one-tenth phosphorus concentration 
(0.125 mM KH 2PO4 ); 
MS salts solution without nitrogen, phosphorus or potassium 
(except that 5 j.iM KI was included). 
The pH of each of the media was adjusted to 5.8 with HC1 or NaOH. In 
making the modifications above, no attempt was made to maintain the 
concentrations of minerals other than those being investigated, 
because in all instances it was considered that these were present in 
amounts sufficient for normal root growth. 
Plants were sampled as described in Section 2.6 , after 21, '28 
and 35 days' incubation, three replicates of each treatment being 
sampled at each time. On sampling, the roots were preserved in 70% 
methylated spirits (Section 2.6) and various assessments were made 
of root and shoot growth. RCD was assessed for the first 100 
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microscope fields (191 mm) back from the tip of the longest first-formed 
seminal root axis from each tube. 
At the 21 day sampling the root axes had not reached the bottoms of 
the tubes and so were considered to have been unimpeded in their growth. 
At this stage the plants already showed major differences in shoot 
growth (Table 3.1; Figure 3.1), with significantly lower shoot weights 
in the no-phosphorus and one-tenth phosphorus treatments than in the 
control (complete) treatment, and a very highly significant reduction 
in shoot growth in the absence of N, P and K. The shoots in the no-
phosphorus or low-phosphorus treatments did not show obvious symptoms 
of phosphorus-deficiency (Fig. 3.1), but those in the absence of N, P 
and K were severely stunted, had spindly leaves with yellow tips, were 
paler green than all others and had purple-coloured stem bases (Fig. 
3.2) indicative of nutrient deficiencies (Wallace, 1961; Nengel & 
Kirkby, 1978). Differences in root growth were much less obvious at 
this time and were not recorded in detail at this or at subsequent 
samplings, because there were no differences in the mean lengths of 
the first seminal root axes which were assessed for RCD (Table 3.1). 
The roots in the treatment lacking N, P and K had produced very few 
laterals, which had grown poorly, but the roots in the no-phosphorus 
and low-phosphorus treatments had similar degrees of lateral develop-
ment to that in the control series. 
Assessments of RCD after 21 days' incubation are shown in Table 
3.2, as the mean percentage of cortical cell layers (max. 6) that were 
nucleate in the first 100 microscope fields back from the tips of the 
root axes. Least cortical cell death was seen in roots supplied with 
the complete mineral salts solution; a significant increase in RCD 
occurred in both the low-phosphorus and no phosphorus treatments, and 
an even greater increasein RCD occurred in the absence of N, P and K. 
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Table 3.1. 	Length of the longest seminal root, and growth of shoot 
systems, of wheat plants grown for 21 days in tubes of 
horticultural perlite containing Murashige-Skoog mineral 
salts solution with different levels of phosphorus*. 
Phosphorus Root Shoots 
level length  
(cm) 
Fresh Dry Number Total 
weight weight of leaf 
(g) (mg) leaves length 
(cm) 
Standard 18.0 0.39 54 3.8 53.5 
1/. 	standard 18.5 0.33 46 3.0 46.9 
None 18.6 0.28 47 3.0 47.2 
-N, 	P, 	K 18.2 0.10 20 2.2 19.6 
SED** 1.74 0.020 3.19 0.18 2.81 
LSD (5%) - 0.04 6.8 0.40 6.0 
0.76 - 
* Means of three replicate plants. 
+ See text of Section 3.2 for details; standard concentration as 
shown in Table 2.2. 




MS 	 -P 	 11 0P 	 -NPK 
Figure 3.1. 	Relative shoot growth of wheat plants supplied with 
complete Murashige-Skoog mi.n1ral salts solution (MS), 
or with reduced phosphorus ( /10P), without phosphorus 
(-P), or without nitrogen, plosphorus or potassium 
(-NPK). Growth after 21 days. 
/ 
Figure 3.2. 	Wheat plants grown for 21 days, supplied with 
Murashige-Skoog mineral salts solution without 
nitrogen, phosphorus or potassium, showing clear 
visual signs of mineral nutrient deficiency. 
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Table 3.2. 	Mean percentage of cortical cell layers with nuclei in 
first seminal root axes of wheat grown for 21 days in 
tubes of horticultural perlite containing Murashige-. 







Microscope fields assessed 
First 100 	First 50 	 Second 50 
(191 mm) (95.5 mm) (95.5-191 mm) 
behind tip 	behind tip 	behind tip 
81.9 (65.1) 	91.9 (73.8) 	69.2 (56.6) 
57.5 (49.5) 	79.3 (63.9) 	37.0 (37.3) 
None 	 61.2 (51.5) 86.9 (69.0) 32.1 (34.3) 





















* Means of three replicate plants (with arcsine transformations in 
parentheses). 
+ See text of Section 3.2 for details. 
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Of interest, there was little difference in rate of RCD between roots 
grown in low phosphorus concentration or in the absence of phosphorus, 
although in both treatments there was significantly more RCD than in the 
control (complete treatment). As is usual, most RCD occurred in the 
older regions of the roots in all treatments, and Tables 3.2 and 3.3 
show how the degree of cortical senescence changed with distance behind 
the root tips. 	In the presence of a complete mineral nutrient 
solution, there was a gradual loss of cell viability over at least the 
first 100 microscope fields (191 mm) back from the root tips, and at 
this distance only a mean 2.6 cortical cell layers had become anucleate. 
A similarly gradual, though more rapid, progress of RCD was seen in the 
low phosphorus treatment and in the absence of phosphorus, such that 
roots had just reached or were approaching the "end-point" of RCD (one 
cell layer remaining nucleate) at 191 mm behind their tips. In the 
absence of N, P and K, however, RCD occurred very rapidly behind the 
root tips, until nearly five of the six cortical cell layers were 
anucleate at 50 microscope fields (95.5 mm) behind the tips. There-
after, RCO progressed very slowly and still only five of the six cell 
layers were anucleate in the one-hundredth microscope field, 191 mm 
behind the tips. 
At the 28- and 35-day samplings of this experiment, the effects 
of nutrient deficiencies on shoot growth were more obvious than at the 
21.day sampling (Figs. 3.3 and 3.4). The shoot weights of plants 
grown with complete mineral nutrient solution or with solution contain-
ing low phosphorus concentration increased throughout the experiment, 
though more slowly in the latter than the former (cf. Tables 3.4 and 
3.1), whereas no further shoot growth occurred after 21 days in the 
absence of phosphorus or of N, P and K (Table 3.4). Plants grown in 
the absence of phosphorus showed clear signs of phosphorus deficiency, 
51. 
Table 3.3. 	Mean numbers of nucleate cortical cell layers in successive 
• regions behind the tips of first seminal root axes of wheat 
grown for 21 days in tubes of horticultural perlite con- 
taining Murashige-Skoog mineral salts solution with different 
levels of phosphorus*. 
Microscope Phosphorus level+ 
fields 
behind 1 
root tip Standard 710 
standard None -N, P, 	K 
1- 5 6.0t0 6.0 t0 6.0t0 6.0 t0 
6 - 10 6.0 t 0 5.7 t 0.33 6.0 0 5.6 t 0.20 
11 - 15 5.9 t 0.07 5.2 t 0.61 5.9 0.07 5.0 t 0 
16 - 20 5.7 t 0.18 5.8 0.20 5.8 0 4.9 t 0.44 
21 - 25 5.3 t 0.18 3.8 1.41 5.4 t 0.20 3.9 0.29 
26 - 30 5.3 t 0.18 5.5 t 0.25 5.5 t 0.24 3.8 t 0.70 
31 - 35 5.5 0.27 5.3 t 0.25 5.0 t 0.22 3.1 t 0.66 
36 - 40 	• 5.3 0.29 4.3 0.55 4.6 0.23 2.8 t 0.64 
41 - 45 5.1 t 0.24 3.6 0.64 3.8 t 0.92 1.5 t 0.44 
46 - 50 4.9 0.41 3.7 0.74 3.3 0.33 1.3 0.27 
51 - 55 4.7 0.35 4.1 t 0.68 3.3 t 0.84 1.2 0 
56 - 60 4.9 t 0.47 3.3 t 0.24 2.4 t 1.10 1.1 0.07 
61 - 65 4.6 t 0.42 3.1 t 0.41 2.5 t 0.81 1.3 t 0.07 
66 - 70 4.5 t 0.50 2.2 t 0.70 1.9 t 0.55 1.2 t 0.12 
71- 75 3.7 t 0.47 1.8 0.23 1.9 t 0.48 1.0 tO 
76 - 80 4.2 t 0.12 1.7 t 0.27 2.2 t 0.43 1.0 t 0 
81 - 85 3.6 t 0.79 2.3 t 1.07 1.5 t 0.29 1.1 t 0.07 
86 - 90 3.8 t 0.74 1.6 t 0.30 1.3 t 0.18 1.1 t 0.07 
91 - 95 3.7 t 0.84 1.7 t 0.64 1.1 t 0.13 1.1 t 0.07 
96- 100 3.4 t 0.83 1.3 t 0.33 1.0 tO 1.1 t0.07 
* Means t SE of three replicate roots. 




MS 	 -P 	
1/10 
	 -NPK 
Figure 3.3. Relative shoot growth of wheat plants supplied with 
complete Murashige-Skoog minral salts solution (MS), 
or with reduced phosphorus ( /vP), without phosphorus 
or without nitrogen, phophorus or potassium. 
Growth after 28 days. 
/ 
MS 	 -P 	 -I/lop 
Figure 3.4. As Fig. 3.3; growth after 35 days. 
Table 3.4. 	Length of the longest seminal root, and growth of shoot systems, of wheat plants grown for 28 
or 35 days in tubes of horticultural perlite containing Murashige-Skoog mineral 	salts 
solution with different levels of phosphorus*. S 
hoot Shoots 
length 
(cm) Fresh Dry Number of Total leaf 
weight (g) weight (mg) leaves length (cm) 
Days of 
incubation 28 35 28 35 28 35 28 35 28 35 
Phosphorus+ 
level 
Standard 28.0 28.9 0.53 0.72 79 115 4.0 4.3 69.8 96.3 
1. standard 28.4 27.9 0.44 0.59 64 87 4.0 4.0 62.4 85.8 
None 25.1 28.8 0.26 0.29 40 51 3.8 3.5 45.9 49.3 
-N, 	P, 	K 25.8 27.8 0.10 0.10 23 22 2.8 2.7 25.2. 22.9 
SED 6.67 3.55 0.048 0.032 7.22 12.97 0.200 0.416 3.74 5.95 
LSD (5%) - - 0.10 0.07 15 30 0.4 0.9 7.9 13.7 
(1%) - - 0.14 0.11 21 44 0.6 - 10.9 20.0 
(0.].%) - - 0.19 0.16 29 65 0.8 - 15.0 30.0 
* 	Means of three replicate plants. 
+ 	See text of Section 3.2 for details. S 
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and those grown in the absence of N, P and K showed severe deficiency 
symptoms, whereas plants grown in low-phosphorus conditions did not show 
obvious deficiency symptoms at any stage, although they were much 
smaller than were "control" plants (Fig. 3.4). 
The seminal root axes of all plants in all treatments continued to 
extend after the 21 day sampling, reaching near-final lengths of about 
28 cm by the 28 day sampling (Table 3.4). They made no further growth 
after the 28 day sampling, at which stage they had reached.the bottoms 
of the plant containers. 
By comparison of Table 3.5 with Table 3.2, it is seen that RCD had 
progressed further in all treatments by 28 days than by 21 days, parti-
cularly in the absence of phosphorus or N, P and K. After 28 days the 
amount of RCD in the no-phosphorus or low phosphorus treatments was 
again intermediate between that in the complete medium and the treatment 
lacking N, P and K. Also, as before, there was very little difference in 
the amount of RCD between the low phosphorus and no phosphorus treatments 
(Table 3.5). As shown in Table 3.6, after 28 days the root axes of plants 
grown with complete nutrient solution still displayed a gradual, pro- 
gressive RCD with distance behind the tips, between two and three cortical 
cell layers being nucleate at 191 mm behind their tips. By  this time, 
roots in the low- and no-phosphorus treatments still retained one 
nucleate cortical cell layer at 191 mm behind their tips, but these roots 
showed an early, rapid onset of RCD just behind their tips, such that 
three cell layers were anucleate at only 30 microscope fields back from 
their tips (Table 3.6). In this respect these roots (at 28 days) 
resembled those in the absence of N, P and K after 21 days (Table 3.3). 
In contrast, after 28 days the roots in the absence of N, P and K had 
begun to show nuclear loss from even the innermost (sixth) cortical 



























Standard 71.3 (57.9) 3.4 (10.2) 
1/ 	standard 10 
39.5 (38.9) 1.6 ( 	 7.1) 
None 35.5 (36.2) 3.2 ( 	 9.4) 
-N, 	P, 	K 16.6 (22.9) 20.6 (26.8) 
SED ( 	 6.33) ( 	 3.62) 
LSD (5%) (15.0) ( 	 8.6) 
(1%) - (12.7) 
I O" 	 .jjO - - 
Table 3.5. 	Mean percentage of cortical cell layers with nuclei in first seminal root axes of wheat grown 
for 28 or 35 days in tubes of horticultural perlite containing Murashige-Skoog mineral salts 
solution with different levels of phosphorus*. 
Microscope fields assessed 
First 100 (191 mm) 
behind tip 
Days of 
incubation 	28 	 35 
Fhosphorus 
level 
First 50 (95.5 nun) 	 Second 50 (95.5-191 mm) 
behind tip 	 behind tip 
28 35 28 35 
* Means of three replicate plants (with arcsine transformations in parentheses). 
+ See text of Section 3.2 for details. 
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Table 3.6. 	Mean numbers of nucleate cortical cell layers in successive 
regions behind the tips of first seminal root axes of wheat 
grown for 28 days in tubes of horticultural perlite con-
taining Murashige.-Skoog mineral salts solution with 
different levels of phosphorus*. 
Phosphorus level+ 






6 - 10 
11 - 15 
16 - 20 
21 - 25 
26 - 30 
31 - 35 
36 - 40 
41 - 45 
46 - 50 
51 - 55 
56 - 60 
61 - 65 
66 - 70 
71 - 75 
76 - 80 
81 - 85 
86 - 90 
91 - 95 
96 - 100 
Standard 
6.0 t 0 
6.0 t 0 
	
6.0 	0 
6.0 t 0 
5.8 t 0.20 
5.6 	0.31 













2.2 t 0.20 
1/ standard 
5.8 t 0 
4.7 t 0.71 
4.7 0.77 
3.5 t 0.93 
3.6 t 1.29 










1.4 t 0.31 
1.3 	0.27 
1.1 t .0.07 
1.0 	0 
1.3 0.13 
5.4 t 0.65 















1.0 t 0 
1.0 	0 
1.1 0.10 




1.2 t 0.76 




0.7 t 0.37 
0.7 t 0.37 
0.7 t 0.33 
0.6 t 0.35 
0.7 0.33 
0.6 0.30 
0.7 t 0.33 
0.7 t 0.33 
0.7 t 0.33 
0.7 0.33 
0.7 0.41 
0.5 t 0.29 
* Means t SE for three replicate roots. 
+ See text of Section 3.2 for details. 
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anucleate by about 30 microscope fields (57.3 mm) behind their tips 
(Table 3.6). 
An interesting variation on these patterns of results was seen at 
the 35-day sampling (Tables 3.5 and 3.7). Then the roots grown in the 
absence of N, P and K showed significantly less RCD than in all other 
treatments, in marked contrast to the results of the earlier samplings, 
and this difference between treatments was evident in results for both 
the "younger" and "older" parts of the first 100 microscope fields back 
from the root tips (Table 3.5). Inspection of this table shows that no 
further RCD occurred between the 28- and 35-day samplings of roots grow-
ing in the absence of N, P and K, whereas rapid RCD occurred between 
these times in all other treatments. Furthermore, Table 3.7 shows that 
even the innermost cortical cell layer had become anucleate along most 
of the length of root axes in the treatments involving complete nutrient 
solution and low- or no-phosphorus solutions, whereas the innermost cell 
layer remained at least partly nucleate along the length of axes in the 
absence of N, P and K. 
3.3. 	EFFECTS OF NITROGEN AVAILABILITY ON CORTICAL SENESCENCE IN 
WHEAT ROOTS 
The two primary aims of this experiment were to compare the effects 
of different levels of nitrogen fertilisation and of different forms of 
nitrogen on the rate of RCD in wheat. These points are of particular 
interest in relation to infection of roots by the take-all fungus, 
Gaeumannomyces graminis (Garrett, 1941, 1948; Butler, 1961; Hornby & 
Goring, 1972; Huber & Watson, 1974; Smiley, 1975; Huber, 1978, 1981; 
Asher & Shipton, 1981). Based on the results of the previous experiment, 
this experiment was done in 40 cm lengths of "Layflat" polyethylene tub- 
ing, in order to ensure a larger rooting depth. Also, it was convenient 
to use a modification of Heller's mineral salts solution (Gamborg., 
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Table 3.7. Mean numbers of nucleate cortical cell layers in successive 
regions behind the tips of first seminal root axes of wheat 
grown for 35 days in tubes of horticultural perlite con- 
taining Murashige-Skoog mineral salts solution with 
different levels of phosphorus*. 
Microscope Phosphorus level+ 
fields 
behind 
root tip Standard 40 standard None N, P, K 
1- 5 1.7 0.27 1.6 	0.40 2.9 	1.45 3.9 0.96 
6- 10 0.5 t 0.30 0.3 t 0.30 0.9 0.93 2.8 t 1.42 
11 - 15 0.3 t 0.18 0 0 2.5 1.34 
16 - 20 0.1 0.07 0 0 1.8 t 0.50 
21- 25 0.30.24 0 0 l.OtO 
26 - 30 0 0 0 1.1 0.07 
31- 35 0 0 0 1.00 
36 - 40 0 0 0 1.0 0 
41-. 45 0 0 0 l.OtO 
46 - 50 0.3 0.33 0 0 1.0 0 
51- 55 0 0 0 l.OtO 
56- 60 0 0 0 l.O-tO 
61 - 65 0 0 0 0.9 0.07 
66 -. 70 0 0 0 0.8 0.12 
71 - 75 0 0 0 0.7 0.33 
76 - 80 0 0 0 0.7 t 0.33 
81 - 85 0 0 0 0.7 0.18 
86 - 90 0 0 0 0.7 0.27 
91 - 95 0 0 0 0.7 0.33 
96 - 100 0 0 0 0.7 0.33 
* Means 	SE for three replicate roots. 
+ See text of Section 3.2 for details. 
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Murashige, Thorpe & Vasil, 1976) as the basal medium instead of Murashige-
Skoog medium, because it could be more easily modified to achieve 
differences in form and concentration of nitrogen. The experiment was 
not performed in sterile conditions, but all of the materials used were 
sterilised initially in an attempt to minimise contamination by nitrify -
ing or nitrate-reducing bacteria. 
Wheat grains (cv. Armada) were surface-sterilised with silver 
nitrate as described in Section 2. 3, and then incubated in sterile 
distilled water for 24 h at 25 0C. Meanwhile, 40 cm lengths of "Layflat" 
tubing, 5 cm diam, were closed at one end, filled with autoclaved horti-
cultural perlite and arranged on a rack as described in Section 2.3.3. 
Two germinated grains were sown at the top of each tube and the perlite 
was brought to saturation with mineral nutrient solution of varying 
composition as explained, below. The tubes were incubated in a glass-
house at 22 0C t 30C, under fluorescent lights supplying 7 klux at the 
top of the tubes in a 16 h light : 8 h dark cycle. The outsides of the 
tubes were "blackedout" to exclude light from the root zone. Every 
second day, the tubes were "flushed" with fresh mineral salts solution. 
to replenish used nutrients. 
The experimental treatments were as follows: 
Heller's mineral salts solution as shown in Table 2.2, but 
containing Ca(NO3 ) 2 as sole nitrogen source to supply 
nitrogen at 3.5 mM concentration (574 mg 1_1).  This treat-
ment is designated 1-NO 3 . 
As above but with nitrogen at 17.5 inN concentration 
(designated 5-NO3 ). 
As above but with nitrogen at 0.7 mM concentration ( 3/ 5 -NO3 ). 
4-6. Nitrogen was supplied only as (NH 4 ) 2SO4 in three treatments, 
- such that the nitrogen concentration in the Heller's medium 
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was 3.5 mM (designated 1-NH 4 ), 17.5 mM (designated 5-NH4 ) 
and 0.7 mM (1/5 - NH4 ). 
Nitrogen was supplied as both Ca(NO3 ) 2 and (NH4 ) 2SO4 such 
that each form of nitrogen was present at 1.75 mM (3.5 mM 
total); this treatment is designated NO3 + NH4 . 
No nitrogen was supplied but all other minerals were pre-
sent, as in the other seven treatments. 
Three replicate tubes were used for each of these treatments and 
were sampled after 30 days' incubation. At this stage, the root systems 
were preserved for assessment of cortical senescence, and assessments 
also were made of shoot and root growth. 
On sampling, the plants showed clear differences in growth in the 
different treatments. Plants supplied with NO3 + NH4 were much larger 
than all others and were evidently vigorous and healthy. Plants in all 
NO3 treatments were dark green uhereas those in all NH 4 treatments were 
paler green, and the nitrogen-starved plants were very pale green and 
showed typical symptoms of nitrogen deficiency. Plants in the 5-NH 4 
treatment appeared to be very unhealthy, were small, pale green and 
lacked vigour. Table 3.8 reflects these differences and presents 
quantitative data on shoot dry weights. It shows that the plants 
supplied with NO3 + NH4 were significantly larger than were all others, 
that plants supplied with NO 3 at any concentration were heavier than 
those supplied with NH 4 , and that plants in the 5-NH 4 treatment were 
as small as those lacking nitrogen, suggesting that ammonium at high 
concentrations was toxic. 
Only fresh weights of roots were recorded because the roots had to 
be preserved for subsequent assessment of RCD. Nevertheless, they can 
be compared with the dry weights of shoots as root : shoot ratios, and 
from this a number of features are apparent (Table 3.8). Relatively 
Table 3.8. 	Growth of roots and shoots of wheat plants after 30 days in tubes of horticultural perlite contain- 
ing Heller's mineral salts solution with different levels and forms of nitrogen*. 
Nitrogen Shoot Root Root No. root 	Mean Length of Root fresh No. 	laterals 
form and dry weight fresh weight shoot axes length of longest weight per per 
level (mg) (g) ratio** root axes root axis cm of a1is microscope 
(cm) (cm) (mg cm 	) field 
NO3 + NH4 106.3 1.331 12.5 5.7 26.8 41.1 17.1 0.347 
5 NO3 54.4 0.943 17.1 5.6 27.9 44.7 12.1 0.392 
I. NO 3 48.8 1.050 21.4 5.6 31.8 41.6 11.4 0.368 
NO 53 
46.6 1.331 29.8 5.2 32.4 50.0 14.1 0.314 
0 
5 NH4 21.8 0.193 8.9 4.6 11.9 17.0 5.5 0.322 
1 NH4 37.2 0.457 12.0 4.6 16.9 26.6 6.7 0.358 
/j 	NH4 29.4 0.433 13.6 	. 4.6 21.1 36.6 10.1 0.344 
None 20.4 0.488 24.0 4.8 30.5 46.4 5.1 0.326 
SED 6.67 0.202 2.47 0.50 4.56 6.32 2.31 0.036 
LSD (5%) 13.6 0.413 5.04 - 9.3 12.9 4.7 - 
* 	Means of five replicate plants. 
+ 	See text of Section 3.3 for details. 
** Root fresh weight (g) 4 shoot dry weight (g). 
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more root growth than shoot growth occurred in all NO 3 treatments than 
in the NO3 + NH4 treatment, and also in the absence of nitrogen compared 
with in the NO 3 + NH4 treatment. Indeed, the greatest root : shoot 
ratios were found in the no-nitrogen and -NO 3 treatments, and in both 
of these instances the root : shoot ratio was approximately twice that 
in the NO 3 + NH4 treatment. In' contrast, none of the NH4 treatments 
showed a substantial increase in root shoot ratio over that which 
occurred in the NO 3 + NH4 treatment; on the contrary, in the 5-NH4 
treatment there was a substantially lower root : shoot ratio. The 
other recorded data for root systems (Table 3.8) again demonstrated 
major differences in root growth between treatments. For example, on 
average, about one less seminal root axis was produced from each plant 
in the absence of nitrogen and in all NH4 treatments than in the NO 3 + 
NH4 treatment and in all NO 3 treatments. Considering the NO 3-fed 
treatments as a whole, a mean 5.53 +- 0.17 seminal roots were produced 
per plant, compared with 4.60 	0.21 for NH4-fed plants, a difference 
significant at P = 0.01. The mean lengths of the first-formed seminal 
root axes were substantially and sometimes significantly less in the 
NH4 than in all other treatments, and were particularly short in the 
5-NH 4 treatment. The numbers of primary laterals arising from the 
seminal root axes also were less in all NH4 treatments than in other 
treatments, but there was no significant difference between treatments 
when the numbers of primary laterals were expressed in relation to the 
total length of the root axes (Table 3.8). In fact, there was a very 
highly sianificant linear correlation (r = 0.912, P = 0.001) between 
the number of primary laterals and seminal root length, considering 
the results of all eight treatments in this experiment. Major treat-
ment differences were seen in respect of branching and extension of 
the primary laterals, as indicated by the data for weight per 
centimetre of root axis in Table 3.8. Significantly more lateral 
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extension and branching occurred in the NO 3 + NH4 treatment than in all 
others except the 1I -NO 3 treatment. Moreover, at all levels of 
nitrogen supply, more lateral extension and branching occurred in NO 3-
fed than in the corresponding NH 4-fed treatments. Least lateral growth 
occurred in nitrogen-starved plants. 
Table 3.9 shows the amounts of root cortex death in plants supplied 
with different nitrogen supplements. The data refer to the longest 
(first-formed) seminal root and to the primary laterals produced from it 
in each of five replicate tubes. As a basis of comparison between 
treatments, it was necessary to analyse the results for whole root 
length and then for the youngest and oldest halves of the axes to 
exclude the effects of variations in root length between the different 
treatments. Inspection of the table as a whole shows that, as expected, 
more cortical senescence occurred in the older than younger halves of 
the root axes, and generally least RCD occurred in the primary laterals. 
Furthermore, the main differences between treatments were apparent in 
both the axes and the laterals, so there was no evidence that the treat-
ments had differential effects on cortical senescence in root axes 
compared with in laterals. 
Least RCD occurred in the NO 3 + NH4 treatment, the results for 
which were significantly different from those of all other treatments 
when assessed on the basis of the whole length of root axes or the 
oldest halves of the axes (Table 3.9). Most RCD occurred in the no-
nitrogen treatment and in the low-nitrogen treatments in which NO 3 or 
NH4 was supplied to the plants. Indeed, for the whole root axes and for 
primary laterals the-NH4 treatment had no beneficial effect on RCD 
when compared with the no-nitrogen treatment; the 	-NO3 treatment 
did significantly reduce cortical senescence in the axes but not in the 
laterals. Intermediate amounts of RCD occurred in the higher nitrogen 
Table 3.9. 	1ean percentage of cortical cell layers with nuclei in first seminal root axes and 
laterals of wheat grown for 30 days in tubes of horticultural perlite containing 
Heller's mineral salts solution with different levels and forms of nitrogen*. 
Root axes Nit rogen 
form and 
level 
NO3 + NH4 




























3.5 ( 8.6) 
( 4.75) 
( 9.7)  

























* Means of five replicate roots (with arcsine transformations in parentheses). 
+ See text of Section 3.3 for details. 
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treatments. Another notable feature of the results is that nitrogen 
supplements at 3.5 mM were more beneficial for cortical viability than 
at 17.5 mM in the case of both NO 3 and NH4 ; the higher nitrogen 
concentrations thus appeared to be supra-optimal for cell longevity, 
an effect that was statistically significant in several instances - 
for example in the data for whole roots (Table 3.9). Lastly, more RCD 
occurred in NH4-fed than in NO 3-fed plants at similar nitrogen 
concentrations. By two-way analysis of variance of the data, the rate 
of RCD in NH4-fed plants was found to be significantly (P = 0.05) 
higher than in NO 3-fed plants when assessed on the basis of whole root 
axes, and the difference was very highly significant (P = 0.001) for 
the younger halves of the root axes. 
The results of this experiment thus show a major effect of 
nitrogen in maintaining the viability of the wheat root cortex. The 
effect is concentration-dependent, though nitrogen can be supra-
optimal for cell viability. Nitrate is more beneficial than ammonium 
at equivalent nitrogen concentrations, although most cortical viability 
was found when plants were supplied with a mixture of ammonium and 
nitrate. In some ways, the data for the oldest halves of the root 
axes are most instructive in these respects. In the no-nitrogen treat-
ment and in both the low (-N) and high (5 N) nitrogen treatments 
the oldest halves of the axes contained a mean of less than one nucleate 
cortical cell layer. This has not been reported previously in 
unimpeded growth conditions, because the innermost cortical cell layer 
normally remains alive along the length of a root long after nuclei 
have been lost from the rest of the cortex (Henry & Deacon, 1981). 
3.4. 	EFFECT OF pH ON CORTICAL SENESCENCE IN WHEAT ROOTS 
Rhizosphere pH may play an important role in infection of roots 
by parasitic fungi (see Section 3.5), and varies considerably in 
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plants maintained under different mineral nutrient regimes, particularly 
those supplied with nitrate or ammonium as sole nitrogen source (Ki.rkby & 
Hughes, 1970). So it was of interest to determine whether RCD is affected 
by pH. The range of pH (4.0-6.0) chosen for study in this experiment 
corresponds to that commonly found in acid grasslands in Britain and also 
encompasses the pH values that determine the ability of the grassland fungus 
Phialophora graminicola to infect grass and cereal roots (Deacon, 1974b). 
Wheat plants (cv. Armada) were grown, two per tube, in 40 cm poly-
ethylene tubes containing horticultural perlite, as in Section 3.3, and 
the tubes were flushed on alternate days with complete Murashige-Skoog 
mineral salts solution (Table 2.2) adjusted with HC1 or NaOH to pH values 
of 4.0, 4.5, 5.0 or 6.0. When the bulk pH of the moistened perlite was 
assessed early in the course of the experiment it was found to deviate 
from the pH of each nutrient solution by only 0.2 of a unit. Glasshouse 
conditions were similar to those previously described, at a mean 
temperature of 26 + - 2 
0
C. 
Three replicate tubes were sampled after each of 21, 28 or 35 days' 
incubation, the roots having reached the bottoms of the tubes by the 35 
day sampling. Growth of the shoot systems was then recorded from the 
largest plant in each tube and the root systems were preserved in 70% 
methylated spirits. RCD was assessed as the number of nucleate cell 
layers in the first 100 microscope fields (x 100 magnification) behind 
the tip of the longest seminal root. 
As shown in Table 3.10, the wheat seedlings grew well over the 
whole 35 day period, and they appeared to be healthy throughout. 
There was no obvious trend in growth-response to pH, but at all sampl-
ing times the shoot systems were larger at pH 6.0 than at other pH 
values, and differences in growth between pH 6.0 and some other pH 
levels were significant at the 28 day sampling. Growth of the root 
systems was not assessed in detail, but there were no obvious 
differences by visual inspection. The longest seminal roots, which 
4.0 20.0 35.3 45.1 
4.5 19.8 33.6 45.9 
5.0 20.1 34.4 43.7 
6.0 19.1 36.6 45.9 
SED 1.61 3.56 2.37 
LSD (5%) - - - 
0.490 1.101 2.918 80 181 450 
0.514 1.469 2.367 81 244 366 
0.597 1.128 2.648 90 181 418 
0.742 1.720 3.417 114 276 521 
0.085 0.197 0.629 13.8 31.0 107.2 
- 0.454 - - 72 - 
3.0 4.7 6.7 44.8 69.9 136 
3.0 5.0 6.7 40.8 85.0 124 
3.0 5.0 6.3 42.9 78.0 129 
3.3 5.0 8.0 51.2 99.7 163 
0.2 0.2 1.0 4.1 6.9 25 
- - - 
- 15.9 - 
0\ 
Table 3.10. 	Length of the longest seminal root, and growth of shoot systems, of wheat plants grown for 21, 28 or 
35 days in tubes of.horticultural perlite containing Murashicje-Skoog mineral salts solution at pH 
4.0, 4.5, 5.0 or 6.0*. 
1oot length (crri) 	 Shoots 
Fresh weight (g) 
	





leaves length (cm) 
Days of 
incubation 	21 	28 	35 
	
21 	28 	35 
	
21 	28 	35 
	
21 	28 	35 
	
21 	28 	35 
* Means of three replicate plants. 
68. 
were assessed for RCD, were of similar lengths in all treatments and in 
most instances had grown unimpeded for at least the first 28 days though 
they had reached the bottoms of the tubes by the 35 day sampling (Table 
3.10). 
Assessments of the rates of RCD revealed large differences between 
replicate roots which could not readily be explained. As a consequence, 
the standard errors were often extremely high, and no significant 
differences in RCD could be detected between treatments (Table 3.11). 
At the 28-day and especially at the 35-day samplings, several roots had 
apparently stopped growing and had almost completely anucleatecortices; 
only the first few microscope fields behind the tips of the root axes 
contained any nucleate cells, as was reported for the impeded roots in 
Section 3.2. 
3.5. 	DISCUSSION 
The results in this section are most appropriately discussed in 
three contexts: the general pattern of root cortical death (RCD), the 
influence of environmental variables on the rate of RCD, and the 
implications of RCD for infection by parasitic fungi. 
The results of my work support previous reports of the pattern of 
RCD in cereals and grasses (Section 1. 2). In all experiments it was 
noted that fluorescing nuclei disappeared first from the root epidermis 
and then from successively deeper cortical cell layers with increasing 
age of the root regions. Nuclei tended to persist, but only 
temporarily, in many cell layers of the root axes around the bases of 
laterals, and nuclei often persisted for a considerable time in the 
innermost cortical cell layer, next to the endodermis, after they had 
disappeared from other cell layers of the cortex. In all these 
respects the results were as previously reported. Nevertheless this 
study has shown, for the first time, evidence of a further phase of 
Table 3.11. 	Mean percentage of cortical •cell layers with nuclei in first seminal root axes of wheat grown 
for 21, 28 or 35 days in tubes of horticultural perlite containing Murashige-Skoog mineral 
salts solution at pH 4.0, 4.5, 5.0 or 6.0*. 
Microscope fields assessed 
First 100 (191 mm) behind tip First 50 (95.5 mm) behind tip Second 50 (95.5-191 ngn) behind tip Days of 
incubation 21 28 35 21 28 35 21 28 35 
pH 
4.0 69.4 (57.2) 56.7 (49.2) 13.3 (16.5) 84.2 (68.5) 72.8 (59.9) 20.3 (21.7) 53.8 (47.5) 36.1 (36.3) 6.4 ( 8.7) 
4.5 80.5 (63.9) 61.4 (52.0) 27.2 (26.3) 89.1 (70.8) 83.6 (66.8) 38.9 (34.3) 71.9 (58.1) 37.9 (37.7) 15.5 (16.9) 
5.0 65.2 (54.0) 43.1 (40.9) 31.7 (31.6) 85.4 (68.2) 59.9 (50.9) 43.5 (40.0) 45.2 (42.2) 22.4 (28.0) 12.9 (15.3) 
6.0 68.6 (56.7) 39.3 (35.2) 10.9 (16.0) 77.9 (63.7) 53.1 (44.7) 18.1 (28.6) 57.0 (49.1) 21.4 (23.0) 4.0 ( 	6.7) 




* Means of three replicate plants (arcsine transformations in parentheses). 
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RCD, in which nuclei disappear rapidly from the innermost cortical cell 
layer. This was usually associated with stoppage of the root tip and 
it is shown clearly by comparison of the data in Tables 3.3, 3.6 and 
3.7. At the early (21 day) and middle (28 day) samplings of this 
experiment, when roots had not yet reached the bottoms of the plant 
containers or had just reached the bottoms, there was clear evidence 
of progressive cortical senescence with distance back from the root 
tips; considerable lengths of root axis had only one nucleate cell 
layer, but at this stage there was little or no nuclear loss from the 
innermost cell layer (except in the combined absence of nitrogen, 
phosphorus and potassium). The root axes made no further growth 
between 28 and 35 days, by which stage most of them had almost 
completely anucleate cortices along the whole length except for a 
very small amount of nuclear persistence near their tips (Table 3.7). 
A similar phenomenon occurred at the last sampling time in the experi-
ment involving different soil pH (Table 3.11). So it is now proposed 
that RCD is a two-stage phenomenon. The first stage involves 
progressive nuclear deletion with distance behind root tips until 
only the innermost cortical cell layer remains nucleate - the so-
called "end point" of RCD described by Henry & Deacon (1981). The 
second stage involves rapid nuclear loss from the innermost cell 
layer along the whole root length, and a few nuclei persist only in 
the root tip, this stage being associated with root stoppage after 
the roots reach the bottoms of soil containers. Henry & Deacon 
(1981) drew attention to the possible influence of depth of soil 
containers on the progress of RCD, because it was found that RCD of 
wheat was much more advanced in short tubes containing vermiculite 
than in long tubes containing soil in which the roots had not been 
impeded. But these workers did not use different sampling times to 
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record the progress of RCD before and after root stoppage, and their 
tests with different rooting depths involved different growth conditions, 
precluding detailed analysis of the effects of root impedance. In any 
case, they did not record the second phase of RCD described here. Even 
Kirk (1982), who studied the effects of impedance of ryegrass (Lolium 
perenne) roots by inserting a nylon gauze barrier in soil, did not 
record the second stage of RCD described above, perhaps because she 
used only one relatively early sampling time, and the barrier did not 
prevent further root growth - it merely deflected the root tips. 
The environmental variables used in my work did not influence the 
general pattern of RCD but had, in some instances, major influences on 
the rate of cell death. Reductions of soil phosphorus and nitrogen 
from apparently near-optimum levels were found significantly to 
increase the rate of RCD (e.g. Tables 3.2, 3.5, 3.9). Of particular 
interest, low levels of supply of these mineral nutrients often had 
effects on RCD as drastic as did the complete absence of nitrogen or 
phosphorus, even though shoot growth was not affected as severely by 
low levels of nutrients as by their absence. The effects of low levels 
of nutrients are more relevant to field conditions than are effects of 
the absence of nutrients, and such effects were detected despite the 
periodic replenishment of nutrients during the experiments. Of 
similar interest is the finding that excess supply of nitrogen (at 
five times the "standard" concentration) in the form of either 
ammonium or nitrate had a deleterious effect on cortical viability 
(Table 3.9) although in the case of nitrate-fed plants it did not 
significantly affect plant growth or the shoot : root ratio (Table 
3.8). Evidently, therefore, the level of supply of individual 
mineral nutrients against a constant "background" level of other 
minerals can substantially alter the rate of RCD. 
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These results can be compared with those of MacLeod et al. (1986) 
who published the only other study of this type. In their work, wheat 
was grown in gravel supplemented with mineral nutrient solutions 
containing five levels of phosphorus, and samples were taken after 21 
and 36 days' growth. Phosphorus supplied at 250 mg 3 kg 	soil was 
near-optimum for plant growth. Reduction of phosphorus supply to 100, 
50 or 0 mg 3 kg 1 soil caused increases in RCD at the 36 day sampling 
and usually also at the 21 day sampling, although in the latter case, 
severe phosphorus deficiency (0 mg P) caused less RCD than did moderate 
phosphorus deficiency. In the study of MacLeod et al., an excess 
supply of phosphorus (500 mg), which caused no plant growth response, 
substantially reduced the rate of RCD compared with that in phosphorus-
adequate plants. My own work (Tables 3.1 - 3.7) employed only three 
levels of phosphorus availability - "standard", one-tenth of standard 
and no phosphorus. Over three sampling times (21, 28 and 35 days) it 
was found that the low- and no-phosphorus treatments gave similar 
results, and both caused significant increases in RCD compared with 
that in phosphorus-sufficient conditions. 
It is difficult to interpret these results, because it is un-
clear if mineral nutrients such as phosphorus have direct effects on 
root cortical cells or indirect effects operating through the supply 
of assimilates to roots or distributions of assimilates between 
parts of the root and shoot systems. In the discussion to their 
paper, MacLeod et al. (1986) discussed various possibilities, noting 
first the suggestion by Henry & Deacon (1981) that cortical cells may 
die because of an inadequate supply of assimilates, the cortex being 
a less efficient sink than are growing root tips. An alternative 
suggestion proposed by MacLeod et al. is that RCD may be analogous 
to the senescence of old leaves and branches which is accelerated by 
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deficiencies of mobile nutrients such as phosphorus, nitrogen and 
potassium (Addicott & Lyon, 1973). Shedding of whole roots is 
similarly affected by several factors (Head, 1973). Interesting as 
this analogy may be, there is nevertheless an important difference 
between the shedding of whole organs such as leaves and roots and the 
shedding (or, more strictly, senescence) of individual tissues in 
organs that, as a whole, remain alive, as in the case of RCD. Indeed, 
the primary seminal root axes which were assessed for RCD attained 
the same lengths and apparently grew at the same rates irrespective 
of phosphorus supply, in my work and in that of MacLeod et al. (1986), 
even though they differed in rate of RCD while they were growing. 
The analogy between RCD and senescence of whole leaves or branches, 
therefore, seems unrealistic. 
Phosphorus deficiency usually decreases root growth less than.it 
decreases shootgrowth (Russell, 1977). In barley it can cause only 
small reductions in the numbers and lengths of seminal axes and in 
the numbers of primary laterals although it can have more marked 
effects on length of primary laterals (Hackett, 1968). In these 
circumstances, it could be argued that a lower total amount of shoot 
system is available to supply the assimilate demands of the root 
system, and the cortex of the root axes may not compete adequately 
for the lower assimilate supply, with consequent increased RCD. On 
the other hand, soluble carbohydrates canaccumulate to higher levels 
in the roots of phosphorus-deficient than phosphorus-adequate plants 
(Jasper, Robson & Abbott, 1979; Same, Robson & Abbott, 1983), in 
which case there may be a surplus supply of assimilates available to 
support cortical viability - a phenomenon incompatible with the view 
that cortices die because of inadequate assimilate supply (Henry & 
Deacon, 1981). 
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In addition to its effects on root : shoot ratio and on growth of 
primary laterals, phosphorus deficiency also reduces the rate of 
photosynthesis and enzyme production involved in photoreactions (Avdeeva 
& Andreeva, 1974; Christie & Moorby, 1975; Bouma, 1975; Ozanne, 1980). 
So it could influence RCD by (1) a reduction of shoot growth and thus of 
the potential for photosynthesis, (2) a decreased rate of photosynthesis 
per unit leaf area and (3) an altered pattern of activity of nutrient 
sinks (root tips) in the root system. Severe phosphorus deficiency has 
yet another important effect, in increasing membrane permeability 
(Graham, Leonard & Menge, 1981) and the rate of leakage of sugars and 
amino acids from roots, as found, for example, in the case of Sorghum 
vulgare (Ratnayake, Leonard & Menge, 1978; Graham et al., 1981). It 
would not be surprising if increased cell permeability helps to pre-
cipitate cortical cell death. However, inspection of the data on root 
permeability in the papers referred to above does not preclude the 
possibility that the detected increase in nutrient release was caused 
by RCD. 
Unfortunately, detailed assessments of root growth (apart from 
that of axes) were not made in the experiment with different phosphorus 
levels, but they were made in the experiment with different forms and 
levels of nitrogen (Table 3.8). In this experiment it was found that 
the best growth of shoots and root systems occurred in the presence of 
both ammonium and nitrate. Marked reductions in shoot growth occurred 
when either form of nitrogen was supplied alone. There was not a 
corresponding reduction in root growth in the presence of NO 3-nitrogen, 
though there was in the presence of NH 4-nitrogen, so the root : shoot 
ratio increased in the presence of NO 3 , but remained similar to that 
in the NO3 + NH4 treatment in the presence of NH 4 alone (Table 3.8). 
Indeed, all parameters of root growth, such as root dry weight, length 
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and number of seminal axes, and numbers of laterals, were lower in the 
presence of NH 4 than in the presence of NO3 at equivalent levels. In 
addition to these points, the highest root shoot ratios were found at 
the lowest nitrogen levels within each of the NO 3 or NH4 series of 
treatments or in the no-nitrogen treatment. 
Comparison of these findings (Table 3.8) with those for RCD (Table 
3.9) reveals no simple relationship between growth parameters and 
cortical senescence. The best growth of both root and shoot systems 
coincided with the least RCD in the NO 3 + NH4 treatment. The next-
best growth of shoots occurred in the three NO 3 treatments, as did the 
next best growth of root systems, and yet the amount of RCD differed 
significantly between the levels of nitrate supply in a manner that 
was not consistent with the growth parameters of either shoots or root 
systems (or, indeed, the root 	shoot ratio). Generally poor growth 
of both roots and shoots occurred in the three NH 4 treatments, but in 
one case (1-NH 4 level) the amount of RCD was equivalent to that in NO 3 - 
fed plants whereas in the other cases ( 1/5 -NH4 and 5 NH4 levels) the 
amount of RCD was much greater than at equivalent concentrations of 
nitrate. 
The uptake of different forms of nitrogen is, known to affect the 
pH of the rhizosphere: roots that take up NH4+  ions extrude protons, 
lowering the external pH, whereas NO 3 uptake is associated with a 
rise in external pH. Young rice plants supplied with NH4 -nitrogen 
lowered to 4.3 the pH of the medium in which they were growing, 
whereas plants supplied with NO 3 -nitrogen raised the pH to 7.2 
(Kirkby & Hughes, 1970). Smiley (1974) similarly reported a pH 
difference of 2.2 units between the rhizospheres of wheat plants 
supplied with ammonium or nitrate in soil in a glasshouse, and a 
difference of 1.2 units in field conditions. In my work, however, 
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there was no significant effect of pH on RCD of wheat within the pH 
range 4.0 to 6.0, so it seems unlikely that the effects of different 
forms of nitrogen on RCD can be explained in terms of rhizosphere pH. 
The failure to explain the effects of nitrogen on RCD in terms 
of rhizosphere pH or plant growth parameters leads to a further 
possibility, namely that RCD is influenced by the physiological pro-
cesses associated with nitrogen conversions in plants. The ammonium 
ion is toxic to plants and must be assimilated soon after it is taken 
up (Kirkby & Hughes, 1970). It acts as a respiratory inhibitor (Vines 
& Wedding, 1960) and uncouples photophosphorylation (Avron, 1960). It 
also substitutes for K ions which protect or stabilise plant proteins 
(Barker, Maynard & Lachman, 1967). The assimilation of ammonium in roots 
occurs by two separate systems (Taylor & Havill, 1981; Pate, 1983) 
both of which involve the "sequestering" of carbon skeletons that 
include intermediates of glycolysis and the tricarboxylic acid cycle 
(Civan, 1979). The conversion of ammonium into non-toxic amino acids 
takes priority over other metabolic pathways. During periods of 
active amrnoniuni assimilation the rates of glucose degradation and of 
respiratory metabolism increase and the levels of phosphoenol-
pyruvate carboxylase and CO 2 fixation decrease (Ikeda & Yamada, 1981). 
Nitrate is reduced to ammonium by the nitrate reductase system and 
the ammonium is then assimilated as above. According to Pate (1983), 
most nitrate taken up by wheat is converted to ammonium and then to 
the amino acid glutamine in roots. But the rate-limiting step in this 
sequence is nitrate reduction (Kirkby & Hughes, 1970), and nitrate 
can be transported in the plant xylem, because it is non-toxic. 
Moreover, the reduction of each nitrate ion generates four molecules 
of oxidised coenzyme which are used to drive the TCA cycle, glycolysis 
and photosynthesis (Beevers, 1960). 
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As a consequence of all these metabolic events, plants supplied with 
NH4 rather than NO 3 often use a higher proportion of available 
assimilates in the conversion of ammoniurn to amino acids, and their 
growth yields may suffer (Michael, Martin & Owassia, 1970; Kirkby & 
Hughes, 1970; 	Givan, 1979; Ikeda & Yamada, 1981). This was found in 
the present work (Table 3.8), and it was particularly marked at the 
highest level of ammonium supply, which was apparently toxic to the 
plants. Indeed, the results for plant growth in Table 3.8 are the same 
as those reported by Cox & Reisenauer (1973) and Reisenauer, Clement & 
Jones (1982) for wheat and ryegrass in similar conditions. These 
workers found highest yields and nitrogen uptake when plants were 
supplied with nitrate in the presence of a low level of arnmonium. 
Lewis, James & Hewitt (1982) suggested that the beneficial effect of 
the low level of ammonium was due to the inability of the nitrate 
reductase system to supply maximum levels of reduced utilisable 
nitrogen. Nevertheless, increased ammonium levels result in poorer 
yields and lower rates of nitrogen uptake (Cox & Reisenauer, 1973; 
Reisenauer et al., 1982). The pa.ler green colour of ammonium- than of 
nitrate-fed plants in my work is compatible with these reports. 
Further discussion of their implications for RCD will be deferred 
until Section 4.5, pending the results of experiments on detached root 
systems. 
As stated in the introduction to this section, one of the aims of 
the experiments reported here was to investigate whether RCD might 
mediate the reported effects of mineral nutrition and soil pH on 
infection of cereals by root-infecting fungi. Most attention in this 
respect will be given to the take-all fungus C. graminis and to 
vesicular-arbuscular mycorrhizal (yAM) fungi, for which there is most 
published information. There are, of course, many interpretational 
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problems in these respects, as noted for C. graminis by Huber (1981). 
Huber (1981) listed fourteen papers in which phosphorus fertilisers 
were reported to reduce take-all diseases. In most instances, the 
effect was ascribed to stimulated root development caused by phosphate 
fertilisers (e.g. Butler, 1961). This interpretation is consistent with 
numerous observations that plants can - at least initially - overcome 
take-all infection by producing more roots to offset those damaged by 
the fungus (Garrett, 1970). However, Graham & Menge (1982) reported 
that both phosphorus nutrition and VAN infection in phosphorus-
deficient conditions reduced take-all infection, without causing 
significant increases in root growth. Instead, :the response was 
suggested to occur as a result of increased phosphorus status of plants, 
which leads to a decrease in net leakage of root exudates and thus 
reduces pathogen activity. The idea that exudates can stimulate 
pathogen. activity was based on a report by Pope & Jackson (1973), that 
hyphae show a positive growth response to roots or their exudates. 
More recently, Wildermuth,Rovira & Warcup (1979) and Cook, Wilkinson & 
Alidredge (1986) have shown that C. graminis can infect from inoculum 
several centimetres away from the root surface, presumably being 
stimulated to do so by root exudates. In the work of Graham & Menge 
(1982), exudates were collected by placing roots in CaC1 2 solution 
for 22 h under continuous low light at 23-24 0C, and were analysed for 
total amino acid and reducing sugar content. There was an 
approximately three-fold reduction in amino acid content of exudates 
from phosphorus-sufficient compared with phosphorus-deficient roots 
(all non-mycorrhizal) and also a significant reduction in amino acid 
exudation from low-phosphorus roots when they were infected by VAN 
fungi. At least part of the exudation detected in this study might 
have been attributable toRCD,a point apparently not recognised by 
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Graham & Menge (1982). RCD was suggested to enhance infection of wheat 
and barley roots by G. graminis (Deacon & Henry, 1980) and this was con-
firmed experimentally by Kirk (1984). So, the effect of phosphorus 
nutrition on take-all infection of cereals might be mediated, at least 
in part, by RCD. 
Phosphorus nutrition normally reduces infection of a range of 
plants, including cereals, by VAN fungi (Graham, Leonard & Menge, 1981, 
1982; Graham & Menge, 1982; Ratnayake et al., 1978; Cooper,. 1984; 
Jasper et al., 1979; Same et al., 1983), although small applications 
of phosphorus to severely P-deficient plants can increase VAN 
infection (Bolan, Robson & Barrow, 1984; Same et al., 1983). Also, 
there is good recent evidence that VAN fungi differ in their sensitivity 
to phosphorus supply, because infection by VAN fungi from phosphorus-
poor soils is more sensitive to phosphorus tèrtilisation than in the case 
of VAN fungi from high-phosphorus soils (Jasper et al., 1979; Cooper, 
1978; Abbott & Robson, 1978). There is strong evidence that the 
phosphorus content of plant tissue is more important in at least some 
instances than is P-content of soil. Attempts to explain the 
deleterious effect of P on VAN infection centre mainly on effects of 
P on the permeability of root cell membranes or on root carbohydrate 
contents (Ratnayake et al., 1978; Graham et al., 1981, 1982; Same 
et al., 1983). Whether or not these suggestions are correct, it is 
unlikely that effects of P on RCD have major significance for VAN 
infection. Both my work and that of MacLeod et al. (1986) show that 
phosphorus-deficiency increases RCD; this would be potentially 
detrimental to infection by VAN fungi, which are biotrophic and thus 
must obtain nutrients from living host cells. Other lines of evidence 
support the view that phosphorus-effects on VAN infection are not 
mediated by RCD. For example, these effects have been demonstrated 
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for numerous hosts, including subterranean clover (Trifolium 
subterraneum L.) which did not exhibit RCD (MacLeod et al., 1986), and 
detrimental effects of phosphorus also have been recorded for infection 
by ectornycorrhizal fungi on tree roots for which RCD has not been 
recorded and would almost certainly not occur as rapidly as in wheat. 
Lastly, the work in this thesis has shown that nitrogen availability 
has an even greater effect than does phosphorus availability on RCD of 
wheat, and yet nitrogen does not generally influence VAM infection, and 
certainly not as much as does phosphorus. 
Nitrogen nutrition has major effects on take-all of cereals, as 
reviewed by Huber (1981). Nitrogen deficiency in agricultural soils is 
associated with severe outbreaks of take-all, this effect having been 
noted since the late 1800's (Rosen & Elliott, 1923) and repeatedly con-
firmed (e.g. Clynne, 1951; Butler, 1961; Nilsson, 1969; Huber, 1976). 
Part of the beneficial effect of nitrogen fertilisers is undoubtedly to 
enable root production and thereby offset damage to the existing roots 
causedby C. graminis (Clynne, 1953; Garrett, 1971). However, 
various workers have shown more direct effects of nitrogen in increas-
ing or decreasing root infection by C. graminis, and in this respect 
different forms of nitrogen often have different effects (Huber & 
Watson, 1974). Fertilisation with ammonium-nitrogen sources reduces 
take-all infection of wheat (Garrett (1948) and 27 other references in 
Huber (1981)) but has been reported to increase infection of barley 
(Darbyshire, Davidson, Scott, Sparling & Shipton, 1979). In contrast, 
fertilisation with nitrate-nitrogen increases take-all infection 
(Garrett, 1941; Huber, 1981, and 22 references therein). Such findings 
have sometimes been reported for individual roots, leaving no doubt 
that the form of nitrogen influences the apparent resistance of roots 
to disease (Garrett, 1941, 1948; Chambers, 1964; Huber et al., 1968; 
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Smiley, 1974; MacNish, 1980). The most frequently advanced explanation 
of these effects is that the form of nitrogen markedly influences rhizo-
sphere pH, raising this when NO 3 is absorbed and reducing it when NH4 
is absorbed (Smiley & Cook, 1973; Huber & Watson, 1974) and thereby 
influencing the growth of C. graminis, which is intolerant of low pH 
(Garrett, 1936, 1937; Webb & Fellows, 1926). In my work, variations 
in pH of soil solution (equivalent to bulk soil pH rather than rhizo-
sphere pH) over the range pH 4.0 to 6.0 did not significantly influence 
RCD (Table 3.11). Moreover, amrnonium fertilisation was found to 
enhance the rate of RCD more than did nitrate fertilisation (Table 3.9). 
These results strongly suggest that RCD does not mediate the effects of 
different forms of nitrogen on take-all infection, given that Deacon & 
Henry (1980) and Kirk (1984) adduced that RCD should benefit infection 
by C. grarninis. In any case, the potential benefit obtained by the 
pathogen as a result of RCD is likely to be small in relation to the 
known marked effects of pH on growth of the pathogen per se in soil 
and in laboratory culture (Garrett, 1936, 1937; Huber, Painter, McKay 
& Peterson, 1968; Smiley & Cook, 1973; Webb & Fellows, 1926; Balls, 
1970). 
In addition to the effects of different forms of nitrogen, the 
level of nitrogen fertilisation had a marked effect on rate of RCD 
which was enhanced at low nitrogen levels (Table 3.9). This may help 
to explain the common observation that take-all infection is most 
severe at low nitrogen levels: a high rate of RCD is indicative of 
declining resistance of cortical cells to invasion and will also boost 
the inoculum potential of the pathogen by supplying carbon nutrients 
(Deacon & Henry, 1980; Deacon, 1981a). 
So, in summary of this last part of the discussion, there is no 
evidence that the effects of mineral nutrients on VAM fungi are mediated 
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by RCD.. Similarly, there is no evidence that the effects of different 
forms of nitrogen on take-all infection are mediated by RCD. But the 
level of nitrogen or phosphorus nutrition influences RCD in a way 




SECTION 4. 	CORTICAL CELL DEATH IN EXCISED WHEAT ROOTS 
4.1. 	INTRODUCTION 
As was seen in Section 3, study of the natural senescence of cereal 
and grass root cortices in intact plants is often complicated, 
particularly when there is a need to investigate the effects of 
environmental conditions on RCD. The environmental factors may have 
direct and localised influences on RCD but can also influence plant 
growth as a whole and the partitioning of assimilates to different 
parts of plants (Lewis & Deacon, 1982). Kirk (1984) and Deacon & Lewis 
(1986) provided one means of overcoming these complications by the use 
of excised roots or root pieces. It was shown that RCD follows the same 
pattern in excised root pieces as in intact roots (see Section 1. 2 ) and 
that RCD occurs at different rates, depending on the constituents of the 
medium used to support root pieces (Deacon & Lewis, 1986). 
The work described in this section of the thesis investigates 
cortical cell death in sterile excised wheat root pieces maintained on 
solid media under a variety of conditions, and parallels, in part, work 
on whole plants described in Section 3. The patterns and rates of RCD 
were determined in wheat roots cultured with different salt solutions, 
at different carbohydrate levels and in the presence or absence of 
cytokinin. The effects on RCD of maintaining root pieces with or with-
out specific inorganic nutrients and with different forms and amounts 
of nitrogen are also presented. From these experiments it was thus 
hoped to determine the main nutritional and associated factors that 
might influence RCD, in the absence of complications arising from the 
use of whole plants. The form of the experiments was based largely on 
the previous studies cited above. Solid rather than liquid supporting 
- - 	media were used, firstly because the work of Deacon & Lewis (1986) had 
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shown that agar media were satisfactory for incubation of root pieces and 
that variations in agar media resulted in different rates of RCD. Root 
pieces without tips were used for the main comparisons because it was 
previously shown that these did not extend whereas root pieces with tips 
continued to grow on agar, complicating the interpretation of results. 
Nevertheless, almost all experiments reported here also included some 
root pieces with tips, which were sampled at only one assessment time 
rather than the thre times that were adopted as standard for pieces 
without tips. 
4.2. 	EFFECTS OF CARBOHYDRATES ON THE RATE OF CORTICAL 
SENESCENCE IN WHEAT ROOT PIECES 
4.2.1. 	Roots Maintained on Murashige-Skoog Agar 
Sterile 2 cm pieces of wheat seminal root (cv. Armada) were prepared 
without root tips as described in Section 2.5 . Each was incubated 
singly on a sterile agar plate comprising Oxoid No. 3 agar (2 0%) and 
mineral salts as in Murashige-Skoog (1962) medium (Table 2.2 ). 
Different batches of agar plates were supplemented with glucose at 0, 1, 
5, 10 and 20 mg ml, and the agars had been adjusted to pH 5.8 with HC1 
or NaOH before autoclaving. Plates were incubated at 25 0C in darkness, 
and three replicate root pieces (from separate plates) were sampled from 
each treatment after 5, 9 and 12 days. As a supplementary part of the 
experiment, three root pieces with tips were included at each glucose 
level, and were sampled after 12 days. 
After staining with acridine orange (Section 2.6.1), the root 
pieces were observed at x 100 magnification under a fluorescence micro-
scope, and the number of viable nuclei per microscope field was 
counted as described in Section 2.6.1. The outermost cortical cell 
layer (maximum six) containing nuclei also was recorded. This 
procedure was repeated for each alternate microscope field along the 
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length of the root piece. In addition, the location and length of each 
root lateral was recorded, using a calibrated eyepiece graticule, and 
an assessment was made of the proportion of cells that contained nuclei 
in the cortex of each lateral. The number of nuclei in the root tips 
could not be counted, but again an estimate was made of the proportion 
of nucleate cells in the tips. 
In all treatments the root pieces showed a characteristic pattern 
of RCD, identical to that observed in whole roots attached to plants 
(Henry & Deacon, 1981), and as previously reported by Deacon & Lewis 
(1986). In all regions of the cortex stainable nuclei disappeared 
first from the root epidermis and then from successively deeper 
cortical cell layers with increasing time of incubation. Nuclei 
persisted for longer in young regions of root pieces (closer to the 
tip) than in older regions. Nuclei also persisted for longer in root 
axes around the bases of laterals than elsewhere in the axes. In all 
these respects, the results were similar for root pieces incubated at 
different glucose levels; in other words, the availability of 
glucose did not influence the pattern of RCD. So the effects of 
carbohydrate supply on the rate of RCD could be determined by pooling 
results of assessments along the lengths of the root pieces. 
Preliminary assessments also showed no evidence of differential nuclear 
persistence on the sides of root pieces in contact with the agar 
surface and furtherest from this, so no effort was made to 
differentiate between the "sides" of the root pieces. 
As shown in Table 4.1 for root pieces without tips, the rate of 
RCD was significantly greater at lower than at higher glucose con-
centrations. When glucose was absent or present at only 1 mg ml, 
nuclei disappeared rapidly from the root pieces and none was seen 
after 12 days' incubation. In the presence of higher concentrations 
Table 4.1. 	Mean numbers of viable cell layers and stainable nuclei in 
microscope fields along the cortex of 2 cm pieces of wheat 
root, without tips, maintained for 5, 9 or 12 days on 
agar containing Murashige-Skoog salts solution supplemented 
with glucose at different levels*. 
Glucose 1 Nuclei Cell layers 
(mgml  
5 days 	9 days 12 days 5 days 9 days 12 days 
0 28.4 	2.6 0 2.72 0.44 0 
1 28.6 	3.6 0 2.83 .0.56 0 
5 34.3 	7.8 2.6 3.25 0.89 0.28 
10 29.7 	15.6 2.6 3.06 1.45 0.28 
20 39.1 	22.2 10.8 3.67 2.28 1.08 
SED 4.16 	2.31 3.51 0.37 0.27 0.36 
LSD (5%) 9.3 	5.1 7.8 0.82 0.60 0.81 
* Means of three replicate root pieces. Data are based on six assess- 
ment ositions along each root piece. Root pieces initially had 
67.0 - 1.5 nuclei per microscope field and six nucleate cortical cell 
layers. 
+ Standard error of the difference between any two means. 
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of glucose, nuclei persisted for longer, the effect being concentration-. 
dependent. However, after 12 days' incubation, very few nuclei persisted 
in the cortices of any of the root pieces (Table 4.1). Even at the 
highest glucose concentration (21.0') only a mean of one cortical cell 
layer remained nucleate after 12 days, showing that exogenous glucose 
slowed the rate of RCD but did not prevent cell senescence. 
Initially, the root pieces did not bear laterals or obvious 
lateral primordia, but most root pieces developed laterals within five 
days (Table 4.2). The number of laterals did not differ significantly 
between glucose concentrations, and did not increase with time (Table 
4.2); fewer laterals were produced by root pieces on agar without 
glucose when considered across all three sampling times but this 
difference was not significant. However, the length of root laterals 
was greater in high than in low glucose treatments, the effect being 
statistically significant at the 5- and 9-day samplings, and on all 
media the mean length of laterals increased to some degree between 
the 5- and 12-day samplings (Table 4.2). This mean increase was 
statistically significant (P = 0.05) when analysed by paired samples 
test for all five carbohydrate treatments. This result is interest-
ing, because it demonstrates that the laterals increased in length 
during the time when the viability of cortical cells in the root 
axes declined significantly, i.e. between the 5- and 12-day samplings 
(Table 4.1). Nevertheless, the cortical viability of laterals 
differed between treatments: after 12 days all laterals that had 
developed at the two lowest glucose concentrations (0 and 1 mg ml) 
were anucleate (Table 4.2), whereas laterals that had developed at 
all other glucose concentrations contained at least some nucleate 
cells, and at the higher glucose concentrations the laterals had a 
much higher proportion of viable cells in their cortices than did 
the root axes from which they had developed. 
Table 4.2. 
Glucose 1 
(mg ml ) 
Growth, and viability of the cortex, of laterals produced from 2 cm pieces of wheat root, without tips, 
maintained for 5, 9 or 12 days on agar containing Murashige-Skoog salts solution supplemented with 
glucose at different levels*. 
No. laterals per root piece 	 Mean length of 	 Mean percent viability of 
	
laterals latera]. cortex 
5 days 	9 days 	12 days Combined 
	
5 days 9 days 	12 days 	5 days 	9 days 	12 days 
sampling 
times 
0 1.67 0 0.67 0.78 0.05 - 0.08 100 (90) - ( 	-) 0(0) 
1 2.33 2.33 0.67 1.78 0.14 0.12 0.20 100 (90) 1 ( 	4) 0 ( 	0) 
5 1.00 2.00 2.33 1.88 0.25 0.27 0.43 100 (90) 13(21) 58(55) 
10 1.67 2.00 0.67 1.44 1.09 1.53 2.20 100 (90) 83(70) 33(45) 
20 2.67 1.67 2.33 2.22 0.92 2.13 1.10 100 (90) 92 (80) 23 (36) 
SED 0.92 0.70 1.22 0.19 0.60 1.14 ( 	0) (10.3) (14.8) 
LSD 	(5010) - 1.56 - 0.42 1.38 - - (24) (33) 
* 	Means of three replicate root pieces (with arcsine transformations in parentheses). 
+ 	
Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 
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Root pieces incubated with tips for 12 days showed similar results 
(Table 43) to those just described. Persistence of stainable nuclei 
at the tips and in the subtending cortex was glucose dependent as in 
root pieces without tips, although the differences between glucose 
treatments were not always statistically significant, probably because 
of the long incubation time for these root pieces. Similarly, 
laterals emerging from root pieces maintained at higher glucose 
concentrations remained nucleate for longer than did those at lower 
glucose concentrations (Table 4.3); after 12 days, the laterals 
formed on media without glucose had anucleate cortices. Significantly 
more laterals were produced from root pieces in the presence of some 
glucose concentrations than in the absence of glucose, and the length 
of laterals also was glucose-dependent, although not significantly so 
(Table 4.3). A final interesting feature of the root pieces with 
tips was that they extended from the tip during 12 days' incubation, 
though this again was glucose-dependent (Table 4.3). In the absence 
of glucose, or at glucose concentration of 1 mgml 	the axes 
extended very little, but they extended by about two-thirds of their 
original length (2 cm) at glucose levels of 5 mg ml'' or more. It 
is notable that this extension of the axes did not occur at the expense 
of laterals; on the contrary, extension growth of both axes and 
laterals occurred at the higher glucose concentrations. 
4.2.2. 	Roots Maintained on Heller's Agar 
Root pieces were prepared and incubated on agar containing 
modified Heller's mineral salts (Gamborg et al., 1976) exactly as 
described above for Murashige-Skoog salts medium. As shown in Table 
2.2 , the main differences between these media were that Heller's 
contained the lower concentrations of trace elements, and lower 
concentrations of nitrogen (which was only in nitrate form), 
Table 4.3. Growth, and viability of the cortex, of 2 cm pieces of wheat root, with tips, maintained for 12 
days on agar containing Murashige-Skoog salts solution supplemented with glucose at different 
levels*. 
Glucose Root axes Root laterals 
(mg ml)  
Percent No. nuclei No. nucleate Percent No. per 	Mean Percent 
extension per cortical nucleate root length
+ 
 viability 
microscope cell layers tip cells piece of 
field cortical cells 
0 1.8 0.6 0.13 0 C 0) 0.33 0.20 0 ( 0) 
1 10.4 2.0 0.29 3 	( 	9) 1.67 0.43 20 (21) 
5 67.5 1.9 0.38 10 (18) 4.00 0.43 30 (33) 
10 81.1 21.3 2.02 53 (52) 4.00 0.47 81 (66) 
20 65.0 13.9 1.33 37 	(39) 2.33 1.28 64 (54) 
SED 11.28 9.18 0.85 (29.5) 1.10 0.80 (19.1) 
LSD (5%) 25.2 20.5 - - 2.44 - (44) 
* Means of three replicate root pieces (with arcaine transformation in parentheses). 
+ Lateral length in number of microscope fields; one microscope field = 1.91 mm. 
\0 
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potassium and phosphorus. 
Results for root pieces maintained on Heller's salts agar were in all 
important respects similar to results for root pieces maintained on 
Murashige-Skoog agar. For example, RCD followed the same characteristic 
pattern as described in Section 4.2.1, and the rate of RCD was 
significantly greater at lower than higher glucose concentrations (Table 
4.4). Again, however, exogenous glucose did not prevent RCD, but only 
slowed its rate, exactly as described for root pieceé maintained on 
Murashige-Skoog agar. A clear effect of glucose concentration on the 
rate of cortical senescence of root axes was evident (Table 4.4) but on 
Heller's salts medium, unlike Murashige-Skoog medium (Table 4.1), there 
was little or no difference between rates of RCD at 10 and 20 mg ml 
glucose respectively. In particular, there was little nuclear 
persistence in the axes at any glucose concentration after 12 days on 
Heller's salts medium, suggesting that factors other than glucose 
availability limited the prolonged viability of cortical cells on this 
medium. 
Root laterals were produced from root pieces incubated on Heller's 
medium (Table 4.5), and both the mean length of laterals and mean percent 
viability of cortical cells in laterals were greater at higher than 
lower glucose concentrations. By  9-12 days, the laterals at lower 
glucose levels had anucleate cortices whereas many nuclei were still 
present in laterals at the highest glucose levels (Table 4.5). 
Extension growth of laterals between the 5- and 12-day samplings was 
not as pronounced on this medium as on Murashige-Skoog medium; 
paired samplesanalysis of all five glucose treatments showed only a 
slight increase in lateral length (P = 0.10) over this period. 
Paired samplesanalysis of the combined sets of results for both 
Heller's and Murashige-Skoog media (i.e. ten treatments) showed a 
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Table 4.4. 	Mean numbers of viable cell layers and stainable nuclei in 
microscope fields along the cortex of 2 cm pieces of wheat 
root, without tips, maintained for 5, 9 or 12 days on agar 
containing Heller's mineral salts solution supplemented 
with glucose at different levels*. 
Glucose 1 Nuclei Cell layers 
(mg ml  
5 days 9 days 12 days 5 days 9 days 12 days 
0 22.9 6.7 0.1 1.83 0.78 0 
1 37.8 7.3 0.6 3.39 0.83 0.06 
5 41.7 11.1 0.8 3.94 1.16 0.11 
10 43.5 21.9 1.6 3.89 2.22 0.17 
20 42.1 23.0 2.0 4.00 2.17 0.28 
SED 4.24 4.87 0.78 0.38 0.47 0.09 
LSD (5%) 9.6 11.0 1.7 0.86 1.05 0.20 
* Means of three replicate root pieces. Data are based on six assess-
ment positions along each root piece. Root pieces initially had 
64.4 - 1.4 nuclei per microscope field and six nucleate cortical 
cell layers. 
Table 4.5. 	Growth, and viability of the cortex, of laterals produced from 2 cm pieces of wheat root, without tips, 
maintained for 5, 9 or 12 days on agar containing Heller's salts solution supplemented with glucose at 
different levels*. 
Glucose 1 No. laterals per root piece Mean length of Mean percent viability of 
(mg m1 	) laterals lateral cortex 
5 days 9 days 12 days Combined 5 days 9 days 12 days 5 days 9 days 12 days 
sampling 
times 
0 1.67 1.00 0.67 1.11 0.10 0.10 0.10 100 (90) 0 ( 	0) 0 ( 	 0) 
1 2.00 2.00 1.33 1.78 0.10 0.10 0.15 100 (90) 8 (10) 0 ( 	 0) 
5 2.00 1.67 2.00 1.89 0.18 0.67 0.22 100 (90) 100 (90) 13 (17.2) 
10 2.33 3.00 1.67 2.33 0.87 0.95 0.90 91 (76.5) 100 (90) 38 (33.0) 
20 1.50 2.00 2.33 2.00 1.75 1.67 1.68 100 (90) 88 	(69.7) 61 (51.6) 
SED 0.85 0.84 0.76 0.45 0.33 0.32 0.38 (5.86) (20.04) (13.67) 
LSD (5%) - - - - 0.75 0.71 0.85 - (44.7) (30.5) 
* Means of three replicate root pieces (with arcsine transformations in parentheses). 
+ Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 
'0 
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highly significant (P 	0.01) increase in lateral extension growth 
between the 5- and 12-day samplings, despite the fact that in all 
instances the viability of the cortex of the root axes declined during 
this period. 
Root pieces with tips incubated for 12 days on Heller's salts 
medium showed comparable behaviour (Table 4.6) to that described 
earlier for Murashige-Skoog medium (Table 4.3). In particular, the 
root axes continued to extend from their tips, and this effect was 
clearly glucose-dependent; also, both the number and final length of 
laterals were increased by high glucose concentrations (Table 4.6). 
There was, however, relatively little nuclear persistence after 12 
days in the root axes in this experiment compared with that in the 
previous experiment with Murashige-Skoog medium, but a direct 
comparison between these experiments is not possible because they 
were done at different times. 
4.2.3. Roots Maintained on Split Agar Plates 
One of the limitations of the previous two experiments was that 
root pieces were supplied with glucose uniformly over their whole 
length in appropriate treatments, unlike the situation in nature when 
there would be polarity of glucose supply. In order to investigate 
the effects of glucose supplied to different parts of root pieces, 
the following procedure was used. 
Petri-dishes which had a perspex barrier across their dia meter , 
thus providing two semicircular segments (Figure 2.1), were prepared 
with different agar media in the two halves. The agar media, used 
in different combinations, were as follows: water agar (2% Oxoid No. 
3 agar), and Murashige-Skoog salts medium with 1% glucose (risc) or 
without glucose (MS). A shallow depression was then formed in the 
central barrier, and a sterile .2 cm wheat root piece (cv. Armada) 
Table 4.6. 	Growth, and viability of the cortex,of 2 cm pieces of wheat root, with tips, maintained 
for 12 days on agar containing Heller's mineral salts solution supplemented with glucose 
at different levels*. 
Glucose 1 Root axes Root laterals 
(mg m1  
Percent No. nuclei No. nucleate Percent: No. per Mean Percent 
extension per cortical nucleate root length
+ 
 viability 
microscope cell layers tip cells piece of cortical 
field cells 
0 4.3 0 0 0 	( 	0) 0 
1 12.1 0 0 0 	( 	0) 1.00 0.13 0 	( 	0) 
5 18.0 0 0 10 	(14.3) 1.33 1.42 28 	(31.1) 
10 37.3 0.4 0.07 2.5 	( 	6.5) 2.00 1.70 29 	(32.4) 
20 68.8 1.7 0.18 3.3 	( 	8.6) 2.00 1.65 58 	(49.8) 
SED 8.67 0.47 0.04 ( 	6.9) 0.44 0.46 ( 	7.24) 
LSD (5%) 19.6 1.06 0.09 - 1.00 - 1.05 (16.4) 
* 	Means of three replicate root pieces (with arcsine transformation in parentheses). 
+ 	
Lateral length in number of microscope fields; 	one microscope field = 1.91 mm. 
with tip was inserted so that it "bridged" the two halves of each dish, 
but there was no direct contact between the agars in the different 
halves (Figure 2.1). The agar on which the younger half of each root 
piece was placed was designated "tip agar" and that supporting the older 
half of the root piece was termed "base agar". The root pieces were 
incubated for 5 or 10 days on various combinations of agar as follows. 
(1) MS as "base agar" combined with MS or MSG as "tip agar". (2) MSC 
as "base agar" combined with MS or MSG as "tip agar".' (3) MSG as "base 
agar" combined with water agar (WA) without added salts or glucose as 
the "tip agar". A designation such as MS-3MSG indicates that the base 
agar was Murashige-Skoog medium and the tip agar was Murashige-Skoog 
medium with glucose. 
As shown in Table 4.7, roots extended to approximately double 
their original lengths during 5 days when their tips, were in contact 
with agar containing glucose, but little extension growth occurred if 
glucose was not supplied to the tips, even if glucose was supplied to 
the oldest parts of the root pieces. By 10 days this difference was 
even more pronounced (Table 4.7) because no further extension had 
occurred when the tips were not on glucose-containing agar, whereas 
the root axes had extended to about 2½ times their original lengths 
on glucose-containing "tip agar". 
After both 5 and 10 days, nuclear persistence, averaged over the 
whole lengths of root pieces, was greatest when both the "base" and 
"tip agars" contained glucose (i.e. MSG—MSG in Table 4.7) and 
least in the absence of glucose from both "base" and "tip agars" 
(MS•---4MS). Intermediate degrees of nuclear persistence occurred 
when glucose was supplied only to the tbasel or to the "tip agar" 
(Table 4.7). But such assessments for the whole length of root 
pieces were somewhat insensitive indicators of the effects of glucose, 
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Table 4.7. 	Extension from tips, and mean numbers of stainable nuclei 
in microscope fields along the cortex, of 2 cm pieces of 
wheat root maintained for 5 or 10 days bridged between 
different combinations of agar containing Murashige-Skoog 
salts solution with (rISC) or without (MS) glucose (1 0.0), 
or water agar (WA) without added salts*. 
Agar supporting 	 Nuclei per 	 Percent growth 
oldest 	 microscope field extension of tip 
youngest  
regions of root 
pieces 	 5 days 	10 days 	5 days 	10 days 
M5 	>MS 	 20.9 	0 	 4 	 5 
rISC 	MS 	 38.9 	2.8 	 13 	 8 
rISC 	) WA 	 49.2 	20.3 	 36 	 22 
MS 	rISC 42.6 27.6 89 164 
MSC 	rISC 63.0 46.8 107 138 
SED 6.98 9.97 7.1 17.4 
LSD (5%) 15.6 22.5 16.0 38.9 
* Means of three replicate root pieces. 
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because it was clear from observation of the roots that nuclei persisted 
to different degrees in the basal and tip regions. For this reason, 
three zones were distinguished for each root piece: (1) the original 
basal 1 cm incubated on the "base agar"; (2) the original younger 1 cm 
incubated on "tip agar", and (3) any new growth that had occurred from 
the tip. As shown in Table 4.8, at the 5-day sampling significantly 
more nuclei persisted in the basal regions when these were supplied 
with glucose than when glucose was absent; an intermediate degree of 
nuclear persistence occurred in the basal regions when glucose was 
supplied only to the tips (MS—MSG treatment in Table 4.8). At this 
5-day sampling, there was no significant effect of glucose on nuclear 
persistence in the younger regions of root pieces. 
At the 10-day sampling a different pattern from that above was 
seen (Table 4.8). Glucose had no effect on nuclear persistence in the 
basal regions, which by this stage had lost a substantial proportion 
of their nuclei. There was, however, significantly more nuclear 
persistence in the original younger half of the root pieces in the 
MSG-9MSG and MSG—.WA treatments than in all other treatments. It 
is notable that this effect did not occur in the NIS—MSG treatment 
(Table 4.8); instead the glucose supplied to the tips in this treat-
ment seemed to be used to support new growth of the tip, épparently 
at the expense of cell viability in the younger half of the original 
root pieces. In contrast, both new tip growth and maintained cell 
viability in the original length of root occurred in the 11SG—MSG 
treatment (Table 4.8), suggesting that the presence of glucose in the 
basal region helped to maintain cell viability up to the original 
position of the tip. Another notable point, also seen as a trend at 
the 5-day sampling, was that cell viability was maintained near the 
tips in the MSG—,WA treatment, whereas there was no such effect in 
Table 4.8. 	Numbers of stainable nuclei in microscope fields in different regions of the cortex of 2 cm pieces 
of wheat root, with tips, maintained for 5 or 10 days bridged between different combinations of 
agar containing Murashige-Skoog mineral salts solution with (MSG) or without (MS) glucose (1%), or 
water agar (WA) without added salts*. 
Agar supporting 5 days 10 days 
oldest  
youngest 
regions of root Original Original New growth from Original Original New growth from 
pieces older half younger half tip (and per- older half younger half tip (and per- 
cent extension) cent extension) 
MS 	)MS 17.5 23.1 n.d. ( 	 4) 0 0 n.d. 	( 	5) 
MSG -NS 43.8 34.7 n.d. (13) 0 5.5 n.d. 	( 	8) 
MSG -.> WA 36.3 42.9 66.2 ( 	 36) 6.5 30.6 n.d. 	( 	22) 
MS 	) MSC 31.9 25.6 63.2 ( 	 89) 20.2 9.1 40.1 	(164) 
MSC -i MSG 50.3 53.6 77.1 (107) 16.4 38.9 67.3 	(138) 
SEt) 4.03 13.27 14.23 	( 7.1) 8.56 6.76 18.10 ( 	17.4) 
LSD (5%) 9.0 - 
- ( 	 16.0) - 15.1 
- 	 ( 	 38.9) 
* Means of three replicate root pieces. 
n.d. Not determined. 
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the MSG—N15 treatment. The reason for this difference is unclear, but 
it may be that the flow of nutrients towards the tip of root pieces 
maintained in the MSG—WA treatment was increased by a diffusion 
gradient enhanced by water agar with no added salts. 
The data for the 5- and 10-day samplings as a whole show, firstly, 
that glucose can help to maintain cortical viability and, secondly, that 
it can have both acropetal and basipetal effects on cortical viability 
in some circumstances. Further evidence of such "remote" effects of 
glucose was seen in relation to root laterals. These were produced, to 
varying degrees (Table 4.9), in all treatments in which glucose was 
supplied to at least part of a root piece (but not in the MS—MS treat-
ment). In the whole experiment only three laterals developed from the 
basal halves of the 30 root pieces, compared with 17 laterals from the 
original distal (tip-most) halves and 21 laterals from the new growth of 
the axes. Of the 17 laterals in the original distal regions, 10 were 
formed when glucose was supplied only to the basal regio-s (i.e. treat-
ments MSG-4NS and MSG—WA), showing that glucose could trigger or 
support lateral development even at a distance from its site of uptake. 
After 10 days (Table 4.9), all laterals were still fully nucleate, even 
though the subtending cortex had senesced to a significant degree in 
most treatments (Tables 4.7 and 4.8). 
4.3. 	EFFECTS OF KINETIN AND PRESENCE OR ABSENCE OF NITROGEN ON 
CORTICAL SENESCENCE IN EXCISED WHEAT ROOT PIECES 
This experiment involved a preliminary assessment of the effect of 
nitrogen on RCD in detached root pieces, coupled with investigation of 
the role of a cytokinin on RCD. The influence of a cytokinin seemed 
important to investigate because this group of hormones is implicated 
in translocation of plant assimilates (Mothes, 1960; Goodwin, 1978) 
especially to regionsof maintained cell viability around sites of 
ii 
Table 4.9. 	Growth, and viability of the cortex, of laterals produced 
from 2 cm pieces of wheat root, with tips, maintained for 
5 or 10 days bridged between different combinations of 
agar containing Murashige-Skoog salts solution with (MSG) 
or without (MS) glucose (1 1,0'), or water agar (WA) without 
added salts*. 
Agar supporting No. laterals Mean length Mean percent 
oldest per root of laterals viability of 
youngest piece lateral cortex 
regions of root  
pieces 
5 days 10 days 5 days 10 days 5 days 10 days 
MS 	)MS 0 0 - - - - 
MSG 	> MS 1.00 0.67 0.10 0.10 100 100 
MSG 	WA 2.50 1.33 0.10 0.13 100 100 
MS 	MSG 0.33 3.33 0.10 0.10 100 100 
MSG 	> MSG 3.33 3.00 0.11 0.23 100 100 
SED 0.94 0.89 - - - - 
LSD (5%) 2.12 2.00 - - - - 
* Means of three replicate root pieces. 
+ Lateral length in number of microscope fields; one microscope 
field = 1.91 mm. 
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infections by biotrophic fungi in otherwise senescing plant tissues (Wood, 
1967; Mothes, 1970) and is also the one class of plant hormones for which 
root tips seem to be major sites of production (Weiss & Vaadia, 1965; 
Van Staden & Smith, 1978; Feldman, 1979). The role of carbohydrates in 
maintaining cortical viability, as shown in Section 4.2, and the normal 
polarity of RCD (in which cell death occurs least rapidly in meristematic 
regions of roots) might, therefore, reflect an influence of cytokinins on 
cortical cell viability in normal roots which can be paralleled by 
exogenous applications of glucose. In addition to this, cytokinins are 
routinely used to extend the life of detached leaves in culture (Person, 
Samborski & Forsyth, 1957; Wolfe & Macer, 1966), a phenomenon that 
parallels the use of detached root pieces in the present study. 
Sterile wheat (cv. Armada) root pieces, 2 cm long and without tips,, 
were prepared as previously described (Section 2.3 ). They were 
incubated singly on plates of agar containing glucose (10 mg ml) and 
Heller's salts solution (Table 2.2 ), half of which included Ca(NO 3 ) 2 
at 574 mg 11 (3.5 mM) as the sole nitrogen source, and half of which 
contained no nitrogen source. Kinetin was added at 5 jg ml 	(2.3 x 
10 	11) to half of each of these agars prior to autoclaving. Plates 
were incubated at 25 0C in darkness. 
In the experiment as a whole, cell viability was lost progressively 
with increasing time of incubation of the root pieces, demonstrating 
that the applied treatments did not prevent RCD. Nevertheless, the 
treatments did markedly influence the rate and pattern of RCD as 
described below, and in this respect it is convenient to discuss 
separately the effects of nitrogen and kinetin. 
The presence of kinetin had three pronounced effects on the root 
pieces. Firstly, kinetin almost totally suppressed the development of 
laterals (Table 4.10); in the whole experiment (including treatments 
with or without nitrogen) only one lateral was formed in the presence 
Table 4.1.0. Growth, and viability of the cortex, of laterals produced from 2 cm pieces of wheat root, without 
tips, maintained for 4, 	7 or 10 days on agar containing Heller's mineral salts solution with 
glucose 	(1 1,0) in the presence or absence of nitrogen and kinetin*. 
Presence or** No. laterals per root Mean length of laterals+ Mean percent viability of 
absence of piece lateral cortex 
nitrogen ( N ) 
and kinetin 
(K) 4 days 7 days 10 days 4 days 7 days 	10 days 4 days 7 days 10 days 
+N+K 0.2 0 0 0.10 - 	 - 100 	(90) - - 
-N+K 0 0 0 - - 	 - - - - 
+N-K 2.4 4.0 4.8 0.20 0.57 	0.76 100 (90) 80 	(72.1) 39 (38.1) 
-N-K 4.4 5.2 2.4 0.20 0.20 	0.42 100 (90) 43(40.8) 31(31.4) 
SED 1.32 0.93 1.20 - 0.10 	0.23 - (11.55) (14.10) 
LSD (5%) 2.8 2.0 2.6 - 0.23 	- - 26.7 - 
* Means of five replicate root pieces (with arcsine transformations in parentheses). 
+ Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 
** See text to Section 4.3. 
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of kinetin, compared with 111 on the 30 root pieces in the absenOe of 
kinetin (36 in the older, and 75 in the younger halves of these root 
pieces). Secondly, the presence of kinetin tended to maintain cortical 
viability for longer than occurred in the absence of kinetin in any 
single nitrogen treatment (Table 4.11). This effect was highly 
significant (P = 0.01) when assessed by two-way analysis of variance 
of the 7- and 10-day data for numbers of nuclei in microscope fields. 
Thirdly, in the presence of kinetin there was a marked change in 
polarity of RCD as evidenced by assessments of nuclear persistence in 
different regions along the root pieces (Figures 4.1 and 4.2). This 
effect was especially pronounced in the presence of nitrogen, which 
tended to maintain cortical viability (Figure 4.1). In this case, 
root pieces incubated in the absence of kinetin showed much greater 
nuclear persistence in the younger than older regions of the axes 
(as in normal, attached roots): this difference between younger and 
older regions of the root pieces was very highly significant (P 
0.001) based on paired samples test for the combined results of the 
4-, 7- and 10-day samplings. The results on which these comparisons 
are based are recorded in Tables 4.12 and 4.13. But root pieces in 
the presence of kinetin soon lost this polarity of senescence and 
showed an equal degree of nuclear persistence in young and old root 
regions (Figure 4.1). 
In contrast to kinetin, the presence or absence of nitrogen had 
no effect on the number of laterals produced by root pieces (Table 
4.10); over the whole experiment, 53 laterals were produced in the 
presence of nitrogen and 58 in its absence. However, both the mean 
length and the mean percent viability of the cortex of laterals were 
greater when nitrogen was supplied than when nitrogen was absent 
(Table 4.10), although this difference was significant (P = 0.05) 
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Table 4.11. Mean numbers 
in microscop' 
wheat root, 
days on agar 
with glucose 
nitroaen and 
of viable cell layers and stainable nuclei 
fields along the cortex of 2 cm pieces of 
without tips, maintained for 4, 7 or 10 
containing Heller's mineral salts solution 










4 days 	7 days 	10 days 
Cell layers 







37.8 7.5 1.8 3.6 0.68 0.15 
30.0 10.3 6.0 2.7 0.95 0.58 
33.4 3.2 0 3.3 0.32 0 
23.2 6.7 11.5** 2.2 0.70 1.08** 
3.29 1.73 2.48 0.32 0.19 0.23 
7.0 3.7 5.3 0.7 0.40 0.50 
* Means of five replicate root pieces (except **, four replicates). 
Data are based on 12 assessment positions along each root piece 
(six for +N treatments at~the four-day incubation). Root 
- pieces initially had 73.3 	1.3 nuclei per microscope field and 
six nucleate cortical cell layers. 
+ See text to Section 4.3. 
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Table 4.12. 	Numbers of stainable nuclei in successive microscope 
fields along the cortex of 2 cm pieces of wheat root 
maintained without tips for 4, 7 or 10 days on agar 
containing Heller's mineral salts solution with 
glucose (1 1%) and nitrogen but without kinetin*. 




1 54.6 	2.4 31.2 5.6 9.6 6.4 
2 n.d. 22.0 t 6.4 6.4 6.4 
3 52.4 	1.3 8.8 4.1 0.8 0.5 
4 n.d. 8.4 4.8 0.4 0.2 
5 46.4 t 5.9 4.8 3.2 1.0 1.0 
6 n.d. 2.8 2.6 0 
7 34.6 t 5.3. 2.2 1.4 0 
8 n.d. 0.8 0.8 0 
9 23.8 	6.4 0.4 0.4 0 
10 n.d. 0.4 0.4 0.4 0.4 
11 14.8 	3.9 1.8 1.8 0 
12 n.d. 6.4 3.0 3.4 2.1 
* Means+1 SE of five replicate root pieces. Root pieces initially had 
73.3 - 1.3 nuclei per microscope field. 
n.d. Not determined. 
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Table 4.13. Numbers of stainable nuclei in successive microscope 
fields along the cortex of 2 cm pieces of wheat root 
maintained without tips for 4, 	7 or 10 days on agar 
containing Heller's mineral salts solution with 
glucose (1%), nitrogen and kinetin*. 




1 43.2 t 4.1 11.6 3.1 8.8 2.8 
2 n.d. 10.8 t 2.3 5.2 4.5 
3 33.6 t 3.6 9.2 2.1 1.6 1.6 
4 n.d. 9.2 2.3 4.2 2.8 
5 28.4 	4.2 6.2 2.4 5.0 t 3.0 
6 n.d. 8.6 t 2.0 3.8 t 2.2 
7 24.8 	2.5 11.8 1.9 5.8 2.3 
8 n.d. 12.6 3.6 5.4 2.4 
9 24.2 	1.6 5.6 2.0 6.6 2.7 
10 n.d. 11.3 1.4 5.2 2.6 
11 26.0 t 4.3 10.0 4.2 8.8 2.8 
12 13.8 5.1 13.5 2.5 
* Means+t SE of five replicate root pieces. Root pieces iritially had 
73.3 - 1.3 nuclei per microscope field. 
n.d. Not determined. 
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Figure 4.1. 	Mean numbers of stainable nuclei in successive microscope 
fields along the cortex of 2 cm pieces of wheat root 
maintained without tips for 4, 7 or 10 days on agar con-
taining Heller's mineral salts solution with glucose (1%) 
and nitrogen, and with or without kinetin. 
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only at the 7-day sampling. Polarity of root pieces with respect to 
lateral formation was slightly more pronounced in the presence than in 
the absence of nitrogen; 41 laterals were produced in the younger 
half of root pieces and 12 in the older half in the presence of 
nitrogen, compared with 34 and 24 respectively in the absence of 
nitrogen. 
In general, RCD occurred faster in the absence than in the 
presence of nitrogen (Table 4.11), but this trend was not reflected in 
the anomalous results of the 10-day sampling in the presence of 
kinetin. The effect of nitrogen in prolonging cortical viability was 
particularly evident in the younger regions of root axes, as shown in 
Figures 4.1 and 4.2 and Tables 4.12 - 4.15. In this respect, nitrogen 
had different effects from those of kinetin because it did not 
influence the pattern of RCD, but only the rate at which the normal 
pattern of RCD occurred. 
4.4. 	EFFECTS OF NITROGEN, POTASSIUM AND PHOSPHORUS ON CORTICAL 
SENESCENCE OF WHEAT ROOT PIECES 
4.4.1. Effects of Different Levels of Nitrogen, Potassium and Phosphorus 
in Heller's Mineral Salts Medium 
Pieces (2 cm) of sterile excised wheat (cv. Armada) root, with or 
without tips, were prepared as described in Section 2.5 . They were 
incubated singly on plates of Heller's mineral salts agar (Table 2.2 ) 
with 1% glucose but modified with respect to nitrogen (N), phosphorus 
(P) or potassium (K) as follows. In one treatment N (supplied as 
NaNO3 ), P (supplied as NaH 2PO4 .H 20) and K (supplied as KC1) were 
present in "standard" concentrations as shown in Table 2.. 2 . In 
three treatments N, P or K was omitted from the medium while the other 
minerals were present in standard amounts. In a further three treat-
ments, N, P or K was supplied at only one-tenth of standard 
110. 
Table 4.14. 	Numbers of stainable nuclei in successive microscope 
fields along the cortex of 2 cm pieces of wheat root 
maintained without tips for 4, 7 or 10 days on agar 
containing Heller's mineral salts solution with 
glucose (1%) but without nitrogen or kinetin*. 





1 	 39.0 	4.7 	8.8 	1.7 	0 
2 	 45.8 	3.2 	6.6 	3.6 	0 
3 	 43.6 	3.8 	1.8 	1.3 	0 
4 	 44.63.5 	 0 	 0 
5 	 33.4 	5.4 	0.2 1 0.2 	0 
6 	 31.6t4.5 	 0 	 0 
7 	 28.8 t 4.9 	1.0 	0.6 	0 
8 	 27.4 	6.4 	3.2 	2.2 	0 
9 	 27.8 	5.0 	4.6 t 2.8 	0 
10 	 29.4 	6.0 	3.2 	2.3 	0 
11 	 26.8 	5.5 	4.0 	2.3 	0 
12 	 22.4 t 5.5 	4.0 	2.0 	0 
* Mean tSEof five replicate root pieces. Root pieces initially 
had 73.3 - 1.3 nuclei per microscope field. 
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Table 415. Numbers of stainable nuclei in successive microscope 
fields along the cortex of 2 cm pieces of wheat root 
maintained without tips for 4, 7 or 10 days on agar 
containing Heller's mineral salts solution with 
glucose (1%) and kinetin but without nitrogen*. 




1 30.0 	6.0 7.6 2.9 13.8 7.8 
2 37.3 	6.0 5.8 2.8 10.3 5.3 
3 24.3 	2.8 3.8 2.6 10.8 3.7 
4 23.8 t 5.9 3.2 t 1.9 12.0 = 5.0 
5 21.3 t 4.1 2.8 1.7 8.3 4.0 
6 21.3 	4.6 5.4 t 1.7 8.7 2.5 
7 20.5 	4.5 7.0 1.3 9•5 45 
8 18.5 t 4.0 8.2 1.5 19.0 13.2 
9 21.5 t 5.0 7.4 1.7 18.0 12.5 
10 19.8 	2.7 6.0 1.6 5.7 t 3•3 
11 19.3 t 3.9 8.0 0.8 7.8 4.1 
12 20.5 t 3.9 11.4 1.4 7.3 2.0 
* Mean SE of five replicate root piec9 (or four at the ten-day sampl-
ing). Root pieces initially had 73.3 - 1.3 nuclei per microscope 
field. 
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Figure 4.2. 	Mean numbers of stainable nuclei in successive microscope 
fields along the cortex of 2 cm pieces of wheat root 
maintained without tips for 4, 7 or 10 days on agar con-
taining Heller's mineral salts solution with glucose (1%), 
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concentration (all other minerals being at standard concentrations). In 
one treatment all three minerals (N, P and K) were omitted, and a final 
treatment comprised Oxoid No. 3 agar with no added mineral salts but 
again with 1% glucose. 
Despite the major variations in composition of the underlying 
medium, the pattern of RCD was identical in all treatments and followed 
the pattern described previously (Section 4.2) and for whole attached 
roots (Henry & Deacon, 1981). Nevertheless, the rate of RCD differed 
greatly between treatments. As shown in Figure 4.3 for root pieces 
without tips, the omission of any single mineral (N, P or K) resulted 
in a reduction in the number of nuclei per microscope field along root 
pieces compared with the numbers for root pieces on "standard" 
(complete) Heller's medium. The number of viable cell layers along 
root pieces was also reduced compared to those in root pieces on 
"complete" Heller's medium (Table 4.16); furthermore, reduction in 
concentration (to one-tenth) of any single nutrient also reduced 
cortical viability as assessed by both assessment methods (Table 4.16). 
Of the three major mineral nutrients, P and K had least effect, either 
at one-tenth concentration or when omitted, and the results for these 
treatments seldom if ever were significantly different from "control" 
values (i.e. on complete medium) at any one sampling time. However, 
by analysing the results for all sampling times by two-way analysis of 
variance, the omission of phosphorus was found to cause a significant 
(P = 0.05) increase in rate of RCD compared with that in the presence 
of phosphorus. In contrast to the relatively small effects of 
phosphorus and potassium, the omission of nitrogen caused a highly 
significant increase in rate of RCD, and even the reduction of 
nitrogen to one-tenth of standard concentration caused a major 
increase in rate of RCD. The combined omission of N, P and K did not 
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Table 4.16. 	Mean numbers of viable cell layers and stainable nuclei in 
microscope fields along the cortex of 2 cm pieces of wheat 
root, without tips, maintained for 4, 8 or 12 days on agar 
containing Heller's mineral salts solution with glucose 







11 10 K 
No P 
No K 
No N, P, K 
No salts 
SED 
L S D (5%) 
Nuclei 
4 days 8 days 12 days 
53.2 22.0 8.6 
31.5 4.0 0 
45.4 15.5 4.6 
40.9 18.0 2.1 
18.0 1.3 0.8 
43.4 10.5 7.8 
43.7 13.6 7.0 
27.7 1.2 0.2 
6.8 1.9 1.4 
9.27 5.44 2.33 
19.5 11.4 4.9 
Cell layers 
4 days 8 days 12 days 
5.2 2.1 0.8 
3.0 0.4 0 
4.6 1.6 0.4 
3.8 1.6 0.2 
1.8 0.15 0.04 
4.5 1.2 0.7 
4.3 1.3 0.6 
2.6 0.1 0 
1.1 0.3 0.04 
0.84 0.49 0.25 
1.8 1.0 0.53 
* Means of three replicate root pieces. Data are based on six assess- 
ment ositions along each root piece. Root pieces initially had 
65.2 - 0.5 nuclei per microscope field and six nucleate cortical cell 
layers. 
+ See text of Section 4.4.1 for details of treatments. 












Figure 4.3. 	Mean numbers of stainable nuclei in microscope fields 
along the cortex of 2 cm pieces of wheat root, without tips, 
maintained for 4, 8 or 12 days on agar containing Heller's 
mineral salts solution with glucose (1%) and with or without 
nitrogen, potassium and phosphorus. 
Days after excision 
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substantially increase the rate of RCD over that caused by omission of 
nitrogen alone (Table 4.16), suggesting that in the conditions of this 
experiment nitrogen was of over-riding importance in maintaining 
viability of the root cortex. Also, the omission of all salts did not 
significantly increase the rate of RCD compared with that caused by 
omission of nitrogen alone, though Table 4.16 shows that there was a 
tendency for the most rapid loss of nuclear viability to occur in the 
absence of all mineral salts. In all of these respects, the major 
findings of this experiment were revealed by assessments of either 
the numbers of nuclei or the numbers of nucleate cell layers along 
the lengths of root pieces. 
Most root pieces produced laterals in this experiment, and there 
was no significant difference in the number produced on different agar 
media (Table 4.17). The mean length of laterals did not increase 
significantly over the sampling periods, and the percentage of nucleate 
cells remaining in the cortices of laterals declined with time. In 
this latter respect, the results for laterals paralleled those for root 
axes and, in particular, there was a significantly faster rate of RCD 
on media from which nitrogen or all mineral nutrients were omitted 
compared with on "standard" Heller's medium (Table 4.17). The 
distribution of laterals along the root pieces was quite unIform 
irrespective of treatment; in the whole experiment 136 laterals were 
produced in the younger halves of root pieces, compared with 118 in 
the older halves. 
In contrast to root pieces without tips, those with tips 
continued to extend on most of the media, though only by a maximum of 
39 percent of their original lengths (2 cm) after 12 days (Table 4.18). 
It is notable, however, that no extension occurred in the combined 
absence of N, P and K. Also, there was significantly less extension 
Table 4.17. 	Growth, and viability of the cortex, of laterals produced from 2 cm pieces of wheat root, without 
tips, maintained for 4, 8 or 12 days on agar containing Heller's mineral salts solution with 
glucose (1%) and different levels of nitrogen, phosphorus or potassium*. 
Inorganic No. laterals per root Mean length of laterals+ Mean percent viability of lateral cortex 
salt piece 
levels** 
4 days 8 days 12 days 4 days 8 days 12 days 4 days 8 days 12 days 
Standard 4.3 2.7 5.3 0.77 0.65 0.94 86.7 (73.0) 71.0 (57.8) 62.2 (52.5) 
1/ 	N 2.3 5.3 2.3 0.77 0.95 1.72 100 (90.0) 41.8 (40.0) 3.3(8.6) 
l. P 10 4.7 2.7 
2.7 0.74 1.15 0.63 98.3 (85.7) 86.1 (72.0) 50.0 (48.9) 
K 3.7 4.7 3.7 0.42 0.74 0.86 89.7 (75.2) 63.7 (58.1) 35.0 (36.0) 
No N 3.0 3.7 2.7 0.96 1.12 0.73 100 (90.0) 20.4 (25.6) 15.0 (22.7) 
No P 3.3 2.7 4.0 0.71 1.04 0.88 100 (90.0) 37.1 (37.0) 46.6 (42.9) 
No K 4.0 3.3 4.0 0.05 0.86 0.68 97.8 (85.0) 54.2 (47.7) 35.5 (35.3) 
No N, P, K 3.0 3.7 3.0 0.97 1.65 1.17 92.8 (77.4) 27.5 (31.2) 17.1 (22.4) 
No salts 1.7 3.7 4.0 1.67 0.78 1.04 85.0 (71.1) 10.3 (15.2) 23.3 (28.7) 
SED 1.33 0.77 1.14 0.419 0.353 0.310 ( 	 9.34) (12.81) (13.50) 
LSD (5%) - 1.6 - - - - - (26.9) - 
* Means of three replicate root pieces (with arcsine transformations in parentheses). 
+ Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 
** See text to Section 4.4.1. 
Table 4.18. 	Growth, and viability of the cortex, of 2 cm pieces of wheat root, with tips, maintained for 12 days 
on agar containing Heller's mineral salts solution with glucose (1 1/0') and different levels of nitrogen, 
phosphorus or potassium*. 
Inorganic Root axes Root laterals 
salt 
levels** Percent No. nuclei No. nucleate Percent No. per Mean Total Percent 
extension per micro- cortical nucleate root 
+ 
length growth viabilty of 
scope cell layers tip cells piece (no. x length) cortical cells 
field 
Standard 39.2 10.4 0.72 100 (90.0) 4.0 0.71 2.84 47.7 (43.6) 
12.9 4.2 0.34 10 (18.4) 5.0 0.68 3.40 22.8 	(27.4) 
1/  10 
p 28.3 12.9 1.01 100 (90.0) 8.0 0.67 5.36 61.9 (52.4) 
110 K 36.7 8.8 0.56 35.0 (35.8) 7.0 0.60 4.20 60.3 (51.2) 
No N 7.7 0.4 0.03 3.3 ( 	6.1) 5.3 1.18 6.25 31.1 	(28.6) 
No P 10.2 12.2 0.90 66.7 (60.0) 5.3 0.75 3.98 47.5 (42.7) 
No K 12.3 11.4 0.76 66.7 (60.0) 3.7 0.66 2.44 58.3 	(50.7) 
No N, 	P, K 0 0.7 0.05 0 ( 	0) 7.3 0.80 5.84 21.4 	(26.3) 
No salts 0.9 0.7 0.07 0 (0) 6.0 0.87 5.22 21.0 	(25.9) 
SED 8.57 5.79 0.439 (20.97) 1.95 .0.296 (13.38) 
LSD (5%) 18.1 - - (44.2) - - - 
(1%) 24.9 - - (60.8) - - - 
* Means of three replicate root pieces (with arcsine transformations in parentheses). 
+ Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 





growth in any of the four treatments, -N, -P, -K and one-tenth N 
concentration, than on the standard Heller's medium (Table 4.18). How-
ever, neither the number nor the mean length of laterals produced by 
the root pieces differed significantly between treatments, and. there 
was no obvious relationship between the total amount of lateral growth 
(i.e. number x mean length) in any treatment and the amount of 
extension growth of the root axis (Table 4.18). 
The effects of minerals on cortical death of root pieces with tips 
(Table 4.18) were similar to those mentioned earlier for root pieces 
without tips, though such effects were seldom statistically significant 
because the roots with tips were assessed only after 12 days' 
incubation, when they had lost most of their nuclei irrespective of 
treatment. RCD in the axes was greatest in the absence of nitrogen or 
when nitrogen was supplied at only one-tenth strength, whereas the 
absence of phosphorus or potassium had little effect on the rate of RCD 
(Table 4.18). Similarly, the amount of RCD in the laterals was greater 
in all treatments in which nitrogen was absent or supplied at a low 
level than in other treatments, and again there was no evidence that 
the absence of phosphorus or potassium enhanced the rate of RCD (Table 
4.18). 
4.4.2. 	Effects of Phosphorus and Nitrogen in Murashige-Skoog Mineral 
Salts Medium 
Root pieces without tips were prepared as before and incubated on 
Murashige-Skoog mineral salts agar, adjusted for phosphorus content, 
and containing 1% glucose. Five treatments were included in the 
experiment: (1) complete medium as shown in Table 2. 2 ; (2) complete 
medium with phosphorus at one-tenth of normal concentration (0.125 mM 
KH2PO4 ); (3) complete medium but with no phosphorus; (4) medium with 
no phosphorus, potassium or nitrogen (i.e. omitting NH 4NO3 , KNO3 and 
120. 
KH2PO4 ); (5) Oxoid No. 3 agar with only glucose present. These five 
treatments were selected to parallel those described earlier (Section 
3.2) in a study of effects of mineral nutrients on RCD in intact, 
growing wheat plants. 
Root pieces showed the usual pattern of RCD on all five agar media 
but, as shown in Table 4.19, the rate of RCD differed markedly between 
treatments. Cortical cell death occurred rapidly in the combined 
absence of N, P and K and on the medium without mineral salts. 
Cortical senescence also was significantly enhanced by omission of 
phosphorus from the medium. Even the root pieces supplied with one-
tenth of standard phosphorus concentration showed more RCD than did 
those on "complete" medium, though this difference was not 
statistically significant at any sampling time, nor was it significant 
when the data were re-analysed by two-way analysis of variance. 
4.4.3. 	Effects of Different Forms of Nitrogen in Heller's Mineral 
Salts Medium 
In order to determine whether RCD was influenced by the form of 
available nitrogen, root pieces were prepared as described earlier and 
incubated on Heller's mineral salts agar with 1% glucose but with 
nitrogen supplied in either ammonium or nitrate form. The experiment 
comprised nine treatments, as follows. In treatments (1) - (3), 
Ca(NO3 ) 2 was supplied as sole nitrogen source, at concentrations of 
3.5 mM (designated 1 NO 3 ), 17.5 mM (5 NO 3 ) and 0.35 mM ('A 0 NO3 ) 
respectively. In treatments (4) - (6), nitrogen was supplied as 
(NH4 ) 2SO4 at the same concentrations as above (designated 1 NH 4 , 
5 NH4 and 11 NH4 ). A seventh treatment comprised both (NH4 ) 2SO4 
(at 1.75 mM) and Ca(NO 3 ) 2 (at 1.75 mM). The eighth treatment 
included no nitrogen, and the ninth included no mineral salts. As in 
most previous experiments the root pieces were incubated without tips, 
121. 
Table 4.19. 	Mean numbers of stainable nuclei in microscope fields along 
the cortex of 2 cm pieces of wheat root, without tips, main-
tained for 4, 9 or 12 days on agar containing Murashige-
Skoog mineral salts solution with glucose (1%) and different 
levels of phosphorus*. 
Phosphorus 	 4 days 	 9 days 	 12 days 
level 
Standard 	 42.3 	 38.7 	 11.6 
standard 39.7 26.1 9.7 
None 50.2 10.4 9.3 
No N, 	P, K 23.1 0.2 0 
No salts 16.1 4.9 0 
SED 13.04 5.79 3.02 
LSD (5%) - 12.9 6.7 
* Means of three replicate root pieces. Data are based on six assess- 
ment positions along each root piece. Root pieces initially had 
65.0 t 1.2 nuclei per microscope field and six nucleate cortical cell 
layers. 
+ See text of Section 4.4.2. 
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but a few were prepared with tips and were sampled only once, after 10 
days' incubation. 
As shown in Table 4.20 for root pieces without tips, there was 
little evidence of RCD after 3 days' incubation on any medium, but RCD 
had occurred in the axes by 6 days and there were then major differences 
between treatments. In general, root pieces supplied with NO 3-nitrogen 
showed less cortical death than did those supplied with NH 4-nitrogen or 
those deprived of nitrogen. Furthermore, whereas NO 3 -nitrogen clearly 
delayed the progress of ROD, in no instance did the presence of NH 4-
nitrogen delay ROD compared with that in the absence of nitrogen (Table 
4.20). 
The delay in RCD caused by NO3-nitrogen was concentration-
dependent (Table 4.20 and Figure 4.4), because the 5 NO 3 treatment was 
most effective, and the / NO 3 treatment was least effective; by two-
way analysis of variance across the sampling times, this effect of 
nitrate concentration was found to be very highly significant (P 
0.001). By similar analysis across the sampling times, the 5 NO 3 treat-
ment was found to cause a highly significant (P = 0.01) delay in RCD 
(compared with that in the absence of nitrogen); the 1 NO3 treatment 
also caused a significant (P = 0.05) reduction in RCD, but the h/lO NO 3 
treatment had no significant effect. 
The rapid RCD that occurred in the presence of NH 4-nitrogen was 
equivalent to that in the absence of nitrogen, and the rate differed 
little over a fifty-fold difference in ammonium concentration (Figure 
4.5), indicating that ammonium was not directly toxic to the cortical 
cells. This is supported by the fact that RCD occurred slowly in the 
presence of both nitrate and ammonium (Table 4.20). 
Laterals were produced from the root axes in all treatments 
(Table 4.21) and their numbers at any single sampling time did not 
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Table 4.20. 	Mean numbers of viable cell layers and stainable nuclei 
in microscope fields along the cortex of 2 cm pieces of 
wheat root, without tips, maintained for 3, 6 or 10 
days on agar containing Heller's mineral salts solution 
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0' 1 1 
¼ i.,0  
Nuclei 
3 days 6 days 10 days 
58.4 46.3 1.6 
62.8 46.0 14.8 
60.6 40.2 6.0 
50.6 29.2 3.8 
51.0 28.8 3.0 
53.7 35.3 0.1 
53.2 31.3 3.6 
57.8 •28.3 3.5 
55.2 22.7 5.6 
2.92 6.62 3.14 
6.1 13.9 6.6 
8.4 	- 	-  
Cell layers 
3 days 6 days 10 days 
5.3 4.6 0.1 
5.6 4.3 1.7 
5.2 3.8 0.6 
4.7 2.9 0.4 
5.0 2.7 0.3 
5.2 3.3 0 
5.2 3.1 0.4 
5.2 2.6 0.3 
5.1 2.2 0.5 
0.19 0.56 0.31 
0.4 1.2 0.7 
- 1.6 0.9 
* Means of three replicate root pieces. Data are based on six 
assessment positions along each root piece. Root pieces initially 
had 64.8 - 0.8 nuclei per microscope field and six nucleate 
cortical cell layers. 
+ See text to Section 4.4.3. 
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Figure 4.4. 	Mean numbers of stainable nuclei in microscope fields 
along the cortex of 2 cm pieces of wheat root, without tips, 
maintained for 3, 6 or 10 days on agar containing Heller's 
mineral salts solution with glucose (1%) and different 
amounts of Ca(NO 3 ) 2 . 
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Figure 4.5. 	Mean numbers of stainable nuclei in microscope fields 
along the cOrtex of 2 cm pieces of wheat root, without tips, 
maintained for 3, 6 or 10 days on agar containing Heller's 
mineral salts solution with glucose (1%) and different 
amounts of (NH4 ) 2504 . 
Days after excision  
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differ significantly between treatments. However, over the duration of 
the experiment the 27 root axes incubated on media containing only NO 3 -
nitrogen produced significantly more (P = 0.01) laterals (mean 4.4. t 
0.34) than did the 27 axes on media containing only NH 4-nitrogen (mean 
3.0 t 0.33). The mean extension growth of laterals (Table 4.21) also 
differed between these treatments, being significantly less over 10 
days in all treatments with only NH 4-nitrogen than in all with only NO 3 .. 
nitrogen. Of interest, this seemed to be a direct or indirect toxic 
effect of ammonium on root growth, because substantially more growth of 
laterals occurred even in the absence of nitrogen or any mineral salts 
than in the ammonium treatments. Also, an intermediate degree of 
lateral growth occurred on the medium containing both aminonium and 
nitrate, again indicative of a toxic effect of ammonium (Table 4.21). 
There was no consistent or significant effect of treatments on 
cortical viability of the root laterals in this experiment. 
The results for root pieces with tips showed few consistent 
patterns (Table 4.22). Extension of the root axes was greatest in the 
absence of nitrogen or any minerals and in the 1/  NO3 treatment, 
suggesting that it was promoted by insufficiency of nitrogen. Mean 
extension of root laterals also was highest in these treatments, though 
not significantly so. Conversely, some of the lowest extension rates 
of both axes and laterals occurred in treatments in which only NH 4-
nitrogen was supplied. But the rate of RCD in root pieces with tips 
showed no clear pattern with respect to treatments, except that the 
rate was least (and sometimes significantly so) in roots maintained on 
a mixture of NO 3- and NH4-nitrogen or the 1 NH 4 treatment (Table 
4.22). These results conflict with those for root pieces without tips 
(Table 4.20), though it should be noted that they are based on only 























































Table 4.21. 	Growth, and viability of the cortex, of laterals produced from 2 cm pieces of wheat root, 
without tips, maintained for 3, 6 or 10 days on agar containing Heller's mineral salts 
solution with glucose (1%) and with different forms or levels of nitrogen*. 






NO3 + NH4 6.7 
5 NO3 4.0 
l'NO. 5.7 
40 NO3 4.0 
5 NH4 3.0 
1 NH 3.3 
NH4 4.7 
NoN 4.3 
No salts 6.0 
SED 1.43 
LSD (5%) - 
I 
'i/O 
Mean length of laterals 
3 days 6 days 10 days 
0.10 0.28 0.58 
0.10 0.52 0.93 
0.09 0.24 0.87 
0.09 0.54 1.07 
0.10 0.13 0.13 
0.10 0.11 0.15 
0.12 0.48 0.12 
0.11 0.61 0.70 
0.11 1.31 1.71 
0.02 0.236 0.271 
- 0.50 0.57 
- 0.68 0.78 
Mean percent viability of 
lateral cortex 
Pla 
* Means of three replicate root pieces (with arcaine transformations in parentheses). 
+ Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 
** See text to Section 4.4.3. 
Table 4.22. Growth, and viability of the cortex, of 2 cm pieces of wheat root, with tips, maintained for 10 days 
on agar containing Heller's mineral salts solution with glucose (1 1%) and with different forms or 
levels of 	nitrogen*. 
Nitrogen Root axes Root laterals 
form and  
level** Percent No. nuclei No. nucleate Percent No. per Mean Total Percent 
extension per micro- cortical nucleate root 
+ 
length growth viability of 
scope cell layers tip cells piece (no. x length) cortical cells 
field 
NO3 +NH4 79.8 9.4 0.71 40.0 (42.3) 7.7 0.39 3.00 100 	(90) 
5 NO3 35.5 3.4 0.33 3.3 ( 	6.1) 1.67 0.60 1.02 100 (90) 
1 NO3 846 2.6 0.21 13.3 (21.1) 4.0 0.50 2.00 96.7 (83.9) 
1/ 	NO3 101.6 3.1 0.24 10.0 (18.4) 5.3 0.76 4.03 69.7 	(57.8) 
5 NH4 25.2 1.5 0.11 20.0 (16.9) 5.3 0.10 0.53 66.7 	(60) 
1 NH4 67.6 9.9 0.77 40.0 (38.9) 11.0 0.17 1.87 100 (90) 
1/ 	NH4 47.4 4.2 0.24 3.3 ( 	6.1) 4.3 0.11 0.47 90.0 (78.9) 
No N 109.1 0.9 0.03 6.7 (12.3) 2.0 0.70 1.40 31.7 	(32.3) 
No salts 105.5 3.0 0.16 10.0 (18.4) 2.3 1.35 3.11 63.8 	(53.4) 
SED 16.89 2.37 0.16 (19.38) 2.00 - - 
LSD (5%) 35.5 5.0 0.34 - 4.2 - - 
* Means of three replicate root pieces (with arcsi.ne transformations in parentheses). 
+ Lateral length measured in number of microscope fields; one microscope field = 1.91 mm. 
** See text to Section 4.4.3. 
I-. 
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than one cell layer remained nucleate in the cortices of the axes in any 
treatment. 
4.5. 	DISCUSSION 
In this part of the thesis, the use of excised wheat root pieces 
has shown for the first time that availability of nutrients, both 
mineral and carbohydrate, directly influences the rate of nuclear loss 
from root cortices. As reported previously (Kirk, 1984; Deacon & Lewis, 
1986) the pattern of RCD occurring in excised wheat root pieces was 
exactly the same as that seen in whole, attached roots (Henry & Deacon, 
1981). Moreover, the pattern of RCD was always the same, beginning in 
the outer cortex and progressing inwards, even though root pieces were 
maintained with part of the epidermis in direct contact with nutrients 
shown to delay RCD. Thus, the results presented in this section 
strongly support the hypothesis that RCD is a programmed phenomenon, 
occurring in a set pattern (Henry & Deacon, 1981). 
The rate of RCD was significantly reduced by exogenous glucose, 
and the effect was concentration-dependent because there was a 
progressive delay in RCD with increasing concentration of glucose in 
the range 0 to 2%. However even at the highest glucose concentr2tion 
(2%) substantial amounts of cell death occurred in 12 days. It is 
possible that a further delay in RCD would have occurred at even 
higher glucose concentrations, but other nutrients may have become 
limiting if the glucose concentration had been further increased. 
This last possibility is suggested by comparison of the results 
for Heller's and Murashige-Skoog basal mineral media (Tables 4.1 and 
4.4). Whereas an increase in glucose concentration from 1 to 2% in 
Murashige-Skoog medium resulted in a further delay in RCD, there was 
no such response in Heller's basal medium. As shown in Table 2.2 
the latter contains substantially less phosphorus and nitrogen than 
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does the former; both of these minerals have been shown independently to 
affect the rate of RCD (Section 4.4). 
The results for different levels of glucose support and extend 
the finding of Deacon & Lewis (1986), that RCD was significantly slower 
when detached wheat root pieces were incubated on potato-dextrose agar 
(with 2% glucose) than on water agar. More importantly, the finding 
that RCD is enhanced by insufficiency of glucose, albeit in highly 
artificial conditions, lends support to the view of Henry & Deacon 
(1981), that RCD in whole plants might occur because the root cortex is 
starved of assimilates because it does not act as an efficient nutrient 
sink. But Henry & Deacon (1981) further postulated that the pattern of 
RCD, beginning in the root epidermis and then occurring progressively 
inwards, might reflect a gradient of availability of assimilates across 
the cortex, with innermost cells having a prior call on the available 
assimilates. This view is not supported by the results in this thesis. 
The epidermis died first even though it was in direct contact with the 
substrate, and death progressed inwards, layer by layer. If glucose 
uptake occurred mainly through the younger root regions or growing 
laterals and tips and was subsequently redistributed internally then 
the significance of this result could be questioned. However, in the 
split-plate experiment (Section 4.2.3) it was clear that glucose could 
be absorbed through any region of the root and helped to maintain 
viability of the cortex in the region of uptake, but still the normal 
centripetal pattern of RCD occurred. Therefore, it seems clear that 
RCD is programmed to occur in this manner; either outer cortical cells 
have inherently shorter longevity than do inner cortical cells of the 
same age or there is some separate endogenous control, perhaps hormonal, 
which is sensitive to carbohydrate availability, and may form a 
gradient across the cortex thus controlling cell senescence (see later). 
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Glucose also did not affect the usual polar gradient of RCD: in the 
split-plate experiment, cortical senescence was delayed in regions to 
which glucose was applied, but glucose did not, in general, prevent the 
cortex from dying earlier in older than in younger root regions, even if 
it was applied only to the older regions. Of interest in this experiment, 
there was evidence of both acropetal and basipetal effects of glucose in 
delaying RCD (T.äble4.8). In some instances the cortex of the younger 
halves of the original lengths of root pieces showed increased viability 
even if glucose was supplied only to the older halves, and vice-versa. 
When the younger half benefited from glucose supplied to the older half, 
this might have been caused by the root tip acting as a nutrient sink. 
But such an explanation seems unlikely to account for the converse 
sitUation - an older half benefiting from glucose supplied to a younger 
half. Instead it is suggested that in this circumstance the older half 
of the root piece retained access to its endogenous carbohydrates (or 
those made available by the death of some of its cells) because the 
root tip of the younger half did not act as a sink for these assimilates 
when it was supplied with exogenous carbohydrate. 
As discussed earlier in this section it was of interest to see 
whether RCD was influenced directly by hormones which might normally 
exhibit a gradient of concentration across the cortex. It is well 
known that exogenously applied cytokinins delay leaf senescence 
(Thimann, 1980) and there is much evidence that root tips are major 
sites of cytokinin production (Weiss & Vaadia, 1965; Short & Torrey, 
1972; Skene, 1975; Wang, Thompson & Horgan, 1977; Van Staden & 
Smith, 1978; Feldman, 1979). So, cytokinins were selected for study. 
The normal radial pattern of RCD was not affected by exogenous 
Iinetin, whereas the normal polarity of cortical senescence was 
affected. The rate of senescence in the root axes as a whole also was 
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slowed in the presence of kinetin (Table 4.11). Interpretation of these 
findings is complicated by the suppressive effect of kinetin on 
production of root laterals. Although lateral formation was inhibited 
along the whole of the lengths of root pieces, nevertheless this could 
result in a differential effect on young and older parts of the root 
pieces because in the absence of kinetin most laterals were produced 
from the younger root regions. If lateral root tips help to maintain a 
polarity of nutrient distribution in root pieces because they act as 
nutrient sinks, then it is not surprising that such polarity was lost 
when kinetin was applied. Relatively high exogenous concentrations of 
cytokinins ( ). lQ molar) are known to suppress growth of isolated wheat 
and maize roots by retarding cell elongation and cell division (Scott, 
1972; Svensson, 1972), consistent with the results for suppression of 
laterals in this study. 
In the presence of glucose, each of the three major inorganic 
nutrients, nitrogen, phosphorus and potassium, affected the rate of RCD 
in root pieces to a greater or lesser degree. Of the minerals, nitrogen 
had the greatest effect because cells rapidly became anucleate in its 
absence; phosphorus and potassium had lesser effects on RCD. In all 
cases, cortical death occurred in the characteristic pattern as found in 
whole, attached roots. 
From Table 4.17 it is seen that variations in mineral nutrition 
did not significantly affect either the growth or the numbers of 
laterals that developed from root pieces, and the same was found for 
variations in nitrogen content in the experiment comparing presence or 
absence of kinetin. So the effects of mineral nutrient supply on RCD 
in root pieces cannot be attributed to direct or indirect effects of 
nutrition on lateral development, unlike the effects of kinetin and 
carbohydrate concentrations discussed earlier. Instead, mineral 
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nutrients apparently had direct effects in delaying cortical senescence. 
These findings aid interpretation of the effects of mineral nutrients on 
cortical senescence in roots attached to plants (Section 3) because they 
enable direct effects of mineral nutrients to be separated from possible 
indirect effects operating through changes in root : shoot ratio or in 
the growth rates and branching patterns of roots. Thus, comparing the 
results in this section with those in Section 3, it is found that 
nitrogen availability promoted cortical longevity in both types of 
experiment (with whole plants and with root pieces), and that phosphorus 
availability similarly promoted cell longevity but to a lesser degree. 
The effects of potassium were not examined for whole plants. In the 
case of phosphorus, a direct comparison between whole plants and root 
pieces can be made, because the same treatments were applied to each 
(cf. Tables 4.19 and 3.2). The only cautionary note that should be 
made is that carbohydrate was supplied at a constant level (1%) to root 
pieces irrespective of mineral nutrient concentrations, to ensure that 
cell viability was not energy-limited, whereas for whole plants it is 
conceivable (and, indeed, likely) that assimilate supply to roots was 
influenced by the availability of mineral nutrients as a result of 
increased root : shoot ratios (Russell, 1977). But this does not 
invalidate the general conclusion that can be drawn from the data, 
namely that mineral nutrients will have at least some direct effect on 
cortical viability. 
Direct comparison between whole plants and root pieces is possible 
also in the experiments involving different concentrations and forms of 
nitrogen (Tables 4.20 and 3.9). Root pieces with or without tips showed 
most rapid RCD in the absence of nitrogen or at low concentrations of 
either ammonium or nitrate (Tables 4.22 and 4.20), as was found for 
whole, attached roots (Table 3.9). Also, as for whole plants, the greatest 
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nuclear persistence generally occurred in root pieces supplied with 
ammonium plus nitrate or with adequate or high levels of nitrate, 
nuclear persistence being somewhat less in amnionium-fed root pieces, 
and reduced at the highest ammonium level. Inspection of Tables 
4.21 and 4.22 shows that the growth of root laterals (though not the 
number produced) was markedly inhibited at all concentrations of 
ammonium compared with nitrate fertilisation of root pieces. 
Extension of the tips of root axes (when present on root pieces) also 
was less in the presence of ammoniurn than of nitrate as sole nitrogen 
source. These results are consistent with the poor root growth 
observed in arnmonium-fed whole plants (Table 3.8). As in the case of 
RCD, they indicate that the form of available nitrogen has a direct 
effect on root development rather than an indirect effect operating 
through growth of, and assimilate supply from, the shoot system. 
The way in whiOh such direct effects operate is at present un-
clear. Supply of inorganic nitrogen to roots in reported to stimulate 
the production and export of cytokinins frm them (Wagner & Michael, 
1971; Sattelmacher & Marschner,1978). in most plants, it appears 
that cytokinin production is greater when roots are supplied with 
NH4-N than NO 3-N (Buban, \Jarga, Tromp, Knegt & Bruinsrna, 1978; 
(Moorby & Besford, 1983). So it is possible that the effect of NH 4-N 
on root growth described here resulted from synthesised cytokinins 
inhibiting cell division, as described earlier. However, this is un-
likely to have affected RCD, which was enhanced in ammoniuni-fed as 
compared with nitrate-fed root pieces. The opposite to this would be 
expected if cytokinins directly influence RCD or even indirectly 
influence it by modifying the pattern of lateral development (Section 
4.3). The more likely explanation of the effect of ammonium in 
increasing RCD is that ammonium ions are generally toxic in roots 
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(Moorby & Besford, 1983) and create a metabolic drain on root cells dur-
ing the detoxification process (Section 3.5 ). 
SECTION 5 
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SECTION 5. 	EFFECTS OF RCD ON ESTABLISHMENT AND SPREAD OF 
INFECTION BY ROOT-INFECTING FUNGI IN CEREAL ROOTS 
5.1. INTRODUCTION 
So far in this thesis, various environmental factors, particularly 
mineral nutrition, have been shown significantly to influence RCD in 
wheat. It has been suggested that such changes in rate of RCD may help 
to explain patterns of colonisation by root—infecting fungi. Most pre-
vious work relating RCD to fungal colonisation of roots has considered 
infection by the ectotrophic fungi, Gaeumannomyces graminis and 
Phialophora graminicola. There is much evidence to suggest that these 
fungi may compete with one another for nutrients released from senescing 
cortical cells (Deacon, 1974a, b, 1976, 1981a; Kirk, 1984; Deacon & 
Lewis, 1986; Wang, 1981). However, with the exception of the very recent 
study of MacLead et al. (1986), published after the work in this section 
was done, no attention has been given to the possible effects of RCD on 
colonisation of roots by the obligately biotrophic VA mycorrhizal fungi. 
In Section 3, it was found that phosphorus deficiency resulted in 
increased RCD in wheat, as found also by MacLead et al. (1986), even 
though phosphorus deficiency is recognised to promote infection of roots 
by VAM fungi, which depend upon living host cells for nutrients. So it 
was suggested that RCD probably has little, if any, role in the effects 
of phosphorus on infection by mycorrhi.zal fungi. 
Nevertheless, infection of roots by VAM fungi might itself 
influence the amount of RCD, either by competition with host cortical 
cells for plant assimilatEs (perhaps resulting in increased cell 
death) or by improving phosphorus nutrition (perhaps resulting in 
decreased cell death). These possibilities were recognised by 
MacLead et al. (1986) who found that in phosphorus-deficient 
conditions, mycorrhizal plants had less RCD than did non- 
mycorrhizal plants whereas in phosphorus-adequate conditions the 
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converse was true. 
Graham & Menge (1982) reported that mycorrhizal plants in 
phosphorus-deficient conditions were less susceptible to damage caused 
by Gaeumannomyces graminis than were non-mycorrhizal plants; they 
suggested that this effect might be due to a reduction in root 
"exudates" concomitant with mycorrhizal formation, and hence reduced 
nutrient leakage to support infection by G. graminis. However, as 
discussed in Section 3, it is likely that at least part of the 
explanation for these observations concerns a reduction in RCD, as a 
result of improved phosphorus nutrition of mycorrhizal plants. On 
this basis it is arguable that mycorrhizal as opposed to non-
mycorrhizal plants might support less growth by Phialophora 
graminicola, which depends upon senescing cortices. 
The experiments in this section of the thesis were done to 
investigate possible interactions between RCD in wheat and invasion 
of its cortices by VAM fungi and P. graminicola, using both 
artificial and natural inocula. Also, excised root pieces were used 
to investigate biocontrol of C. graminis by P. graminicola in wheat, 
as mediated by RCD. 
5.2. NA11JRAL CORTICAL SENESCENCE, AND PATTERNS OF INFECTION 
BY VAM FUNGI AND Phialophora graminicola IN ROOTS OF 
WHEAT SEEDLINGS GROWN IN GRASSLAND SOIL CORES 
This experiment was designed to investigate relationships 
between RCD, colonisation of roots by VAM fungi and colonisation by 
dark mycelial fungi, particularly P. graminicola, developing from 
natural inocula in upland grassland soils. The experimental 
approach involved growing a wheat assay crop in cores of grassland 
soil, to produce a representative sample of plants infected to 
different degrees by the indigenous soil fungi from a variety of 
microsites within a field. Wheat was used as an assay crop because 
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its roots quickly explore most of the volume of a soil core (Deacon, 
1973c); it is susceptible to infection by most root-infecting fungi 
in grasslands; it could be expected to show significant RCD in a 
short time (Holden, 1975; Henry & Deacon, 1981) and. hence was 
likely to provide root regions with varying amounts of cell death for 
infection by fungi. 
A series of 30 small soil cores, 2.5 cm diameter and 5.0 cm deep, 
was sampled from re-seeded upland pasture at the Sourhope Research 
Station, Yetholm, Kelso. Grass species present in soil cores were 
identified as far as possible, and consisted mainly of Lolium perenne, 
Phleum pratense, Agrostis tenuis, Deschampsia caespitosa and Festuca 
ovina. Grass species composition across the whole sampling site did 
not differ significantly, although species composition in individual 
cores was variable. All aerial plant parts were removed aseptically 
from each core, which was then inverted and prepared for the planting 
of wheat assay seedlings as described in Section 2.3.4. The pH of 
each core was measured by making a water slurry in the top 1 cm of the 
core and inserting a glass electrode; the mean pH was 5.37 t 0.08. 
Each core was seeded with two pre-germinated grains of wheat (Cv. 
Mardler) and maintained in a glasshouse at a mean temperature of 22 0C 
with supplementary fluorescent lighting, on a 16 hour daylength. 
Light intensity measured at mid-day was approximately 4-5 k lux at 
the level of the plant tops. 
After 25 days, shoots of the wheat seedlings were removed and 
discarded, and the root systems were carefully washed free from soil 
and preserved in 70% methylated spirits. For assessment, one first-
formed seminal root was excised just below the grain from one plant 
grown in each core. 
Two assessment procedures were applied in succession to each 
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seminal root. First, roots were stained with acridine orange (Section 
2.6.1) and observed, with their laterals, at 100 times magnification 
of a fluorescence microscope for distribution of nuclei. RCD was 
assessed separately in root axes and laterals. Starting from the 
oldest region of the root axis and working towards the tip, the 
numbers of nucleate cell layers (max. 6) in the cortex were recorded 
for each of 54 successive microscope fields (total length 103 mm). 
Root laterals were assessed individually as they occurred in each 
microscope field. Individual assessments were made for the extent of 
RCD in primary, secondary and tertiary root laterals. For primary 
laterals the number of nucleate cell layers was assessed at two 
points: (1) where laterals emerged from the axis and (2) where most 
nucleate cell layers occurred (usually the youngest region of the 
root). This gave an indication of the pattern of cell death along 
root laterals. Along the lengths of secondary and tertiary 
laterals- little variation occurred in the extent of RCD, and each 
root was scored for the number of nucleate cortical cell layers 
only at the point of origin of the root. Following assessment for 
RCD, the roots were stained with trypan blue (Section 2.6.2.) and 
observed under the same microscope, but with brightfield 
illumination. The incidence of VAM fungi and P. graminicola in 
root cortices was recorded. As before, 54 successive microscope 
fields were scanned along the root axes. The incidence of 
P. graminicola was recorded in each microscope field as the number 
of intersections of dark runner hyphae with. a linear eyepiece 
graticule placed perpendicular to the root axis. VAM fungi were 
recorded as the number of cortical cell layers (max. 6) containing 
arbuscules; cells which contained "stumps" of arbuscules were 
recorded separately. As before, the occurrence of VAM fungi and 
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P. graminicola was recorded separately for primary, secondary and 
tertiary root laterals, two assessments being made for each primary 
lateral, and one for each secondary and tertiary lateral. The depth-
distribution of VAM fungi was recorded as the number of cortical 
cell layers (max. 4) containing arbuscules at the oldest and youngest 
points of each primary lateral. Occurrence of P. graminicola was 
recorded by counting the largest number of intersections of hyphae 
with the eyepiece graticule at any one point along each primary 
lateral, and also the number of intersections at the points of root 
emergence. Infection in secondary and tertiary laterals was assessed 
as described above, but was measured only at the points of emergence 
of root laterals. 
5.2.1. 	RCD and Colonisation by VAM Fungi Following Growth of Plants 
in Soil Cores 
Wheat seedings grew well in the inverted cores, and showed no 
obvious signs of mineral nutrient stress. By the time seedlings were 
sampled, all had impeded root systems, the seminal roots often curl-
ing around the base of the soil cores. When the roots were washed 
free from soil, root laterals were often broken so the retrieved root 
systems were usually incomplete. However, this facilitated assessment, 
and the shortened lengths of laterals showed little internal variation 
in numbers of viable cell layers or extent of arbuscule formation by 
VAM fungi. 
5.2.1.1. Seminal root axes 
In most root axes, RCD had progressed to the second stage 
discussed in Section 3.5; that is, almost all cortical cells were 
anucleate. This was presumably a consequence of root impedance 
(Sections 3.2 and 3.5). However, in 15 of the 30 root axes, 
nuclei persisted in at least some of the microscope fields - always 
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in the innermost cortical cell layer. Despite the late stage of 
senescence, there was some evidence of polarity of RCD in the axes. 
Thus, of the 30 roots assessed, 15 contained nucleate fields in the 
younger halves of the root axes whereas only 6 contained nucleate 
fields in the older halves. Also, younger halves of the axes 
contained more nucleate fields, on average, than did older halves, 
the values being 7.73 1 1.31 and 2.67 	0.92 of the 27 Fields in 
the younger and older halves of roots, respectively. Similar 
polarity was evident for the occurrence of infection by VAN fungi. 
VAN fungal infections in root axes were relatively rare, 14 out of 
30 roots supporting infections in their younger halves, and 5 in 
their older halves. Extents of infection by VAN fungi were also 
limited: those axes that supported infections had only a mean 5.4 
+ 	 + - 1.2 microscope fields (of a max. 27) in younger regions and 4.8 - 
1.9 in older regions, with any evidence of arbuscules. Furthermore, 
in almost all cases the VAN infections were old, and arbuscule 
degeneration was evident. Only in one microscope field on one root 
axis were discrete arbuscules seen; all othersappeared disperse, and 
were judged to be non-functional. Despite the fact that both VAN 
fungal infections and nucleate cortical cells were more common in 
younger halves than older halves of root axes, these phenomena did 
not necessarily correlate with one another. Of the 30rootaxes 
examined, 8 contained nucleate cortical cells and had supported VAN 
fungal infection, 7 contained nucleate cells but had not supported 
VAN fungi, 6 had supported VAN fungi but did not contain nucleate 
cells, and the others contained neither nucleate cells nor VAN 
fungal infections. 
5.2.1.2. Root laterals 
Primary root laterals were produced from all seminal roots 
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examined and were significantly more common in the younger than older 
regions of the root axes (Table 5.1), an effect similar to that seen 
in excised root pieces (Section 4). However, there was little 
difference in the pattern of RCD in primary laterals arising from the 
younger and older root regions: in both cases more than 50% of the 
laterals had anucleate cortices in their oldest regions (Table 5.1). 
The majority of root laterals retaining nuclei in their cortices had 
only one surviving nucleate cell layer - the innermost layer - and 
only 11% and 17% of laterals from older and younger regions of the 
root axes had more than one nucleate cortical cell layer. Despite 
the large amount of RCD in primary laterals, those produced from 
younger root regions did retain slightly more nucleate cell layers 
than did those from older regions, although this difference was not 
statistically significant. 
A comparison of the numbers of nucleate cortical cell layers in 
the oldest and youngest available regions of primary root laterals 
(Table 5.2) showed clear evidence of polarity of RCD, because 
significantly more cells were nucleate in the younger regions. These 
results support those of Henry & Deacon (1981) in showing that the 
polarity of RCD, and its radial progression, are similar for 
laterals and for root axes. 
Infection of primary root laterals by VAM fungi was common, 
occurring in the case of all but 2 of the 30 root axes examined. No 
attempt was made to identify the fungi involved, but the population 
was evidently mixed, consisting of a fine endophyte (presumably 
Clomus tenue) and other species with broader hyphae, at least some 
of which formed large vesicles at late stages of infection in 
anucleate roots (Figure 5.1). Several general observations on the 
pattern of infection by these fungi are of interest. As reported by 
Table 5.1. Number of primary laterals, and percent of these with different numbers of nucleate cortical 
cell layers near their points of emergence, from older and younger halves of seminal root 
axes of wheat seedlings grown for 25 days in soil cores*. 
Area of Number of Percent of primary laterals with 0-4 nucleate cortical 
root axis primary cell layers 
from laterals 




half 5.3 57.8 	(51.8) 30.6 	(29.7) 10.7 	(12.4) 0.8 	(1.5) 	0 
Younger 
half 7.0 51.2 	(48.7) 31.6 	(30.8) 13.9 	(15.4) 2.6 	(3.2) 	1.0 	(1.0) 
SED 0.84 ( 	 7.98) ( 	 6.50) ( 	 4.76) (1.90) 	(1.0) 
LSD (5%) 1.7 - - - - 
(1%) 2.2 - - - - 	 - 
* Means of 30 replicate root systems (arcsine transformations in parentheses). 
Table 5.2. Percentage of primary root laterals with different numbers of nucleate cortical cell layers, and 
percentage containing arbuscules of VAM fungi, in oldest and youngest regions of the laterals 
produced from wheat seedlings grown for 25 days in soil cores*. 
Region Perèent Percent of primary laterals with 0-4 nucleate cortical 
of root VAM infection cell layers 
lateral 
4 assessed** 
Oldest 34.3 	(34.8) 56.1 	(49.7) 29.3 	(30.4) 12.2 	(16.2) 2.5 	( 	4.0) 0.4 (0.7) 
Youngest 43.8 	(41.3) 35.7 (35.7) 34.5 	(34.7) 15.3 	(21.5) 10.2 	(14.1) 4.8 (5.8) 
SED ( 	 5.28) ( 	 5.07) ( 	 3.81) ( 	 3.49) ( 	 2.87) (2.43) 
LSD (5%) - (10.1) - - ( 	 5.7) (4.9) 
(1%) - (13.5) - - ( 	 7.6) - 
(0.10101 ) - - - - ( 	 9.9) - 
* Means of 30 root systems (arcsine transformations in parentheses). 




Figure 5.1. 	Wheat seminal root axis, stained with trypan blue, 
containing large vesicles of a \JAM fungus when all 
cortical cells were anucleate. 
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Nicolson (1959), the VAIl fungi formed a "sheath" around the steles of 
the roots as a result of the formation of arbuscules in cells of the 
innermost cortical layer. However, the establishment of arbuscules 
of VAIl fungi did not prevent RCD from occurring. For example, in 
many instances, the cortex had become anucleate in infected regions 
of the root laterals, and the arbuscules of VAIl fungi in the inner 
cortex were often degenerate. Thick-walled hyphae and numerous 
vesicles were then often present in the root cortices. Overall, 47% 
of the arbuscules seen in the oldest regions of primary laterals were 
clearly degenerate. In contrast, few of the arbuscules seen in 
secondary and tertiary laterals were degenerate, presumably because 
the infections in these roots were younger. 
Of 345 primary lateral roots examined, each with four cortical 
cell layers, 170 contained arbuscules, or stumps of arbuscules in 
the innermost cortical cell layer whereas none had arbuscules of VAIl 
fungi in the outer three cell layers. Of 127 secondary laterals 
assessed, 76 contained arbuscules in the innermost cell layer, and 
only 9 contained them in the next cell layer (designated layer 2). 
Similarly, of 30 tertiary laterals, 14 contained arbuscules in the 
innermost cell layer, and only 4 in cell layer 2. In all cases in 
which arbuscules were seen in cell layers other than the innermost 
one (next to the endodermis), the linear extent of arbuscule 
development in the innermost cortical cell layer was much greater 
than in outer layers. No arbuscules were seen in the root epidermis, 
and they were never seen in the second cell layer counting from the 
root surface if the cortex (including the epidermis) contained four 
cell layers. This was true even when the whole cortex was nucleate. 
Occurrence of infection by VAIl fungi in root laterals appeared 
to be correlated to some degree with RCD. The youngest regions of 
147. 
primary root laterals had higher levels of VAN fungal infection than 
did the oldest regions (Table 5.2), although the difference was not 
statistically significant. In part, this difference may be accounted 
for by the fact that even when primary laterals and the subtending 
regions of the root axes were infected by VAN fungi, there was no 
colonisation by VAN fungi (or, at least, no arbuscules were present) 
at the extreme base of the lateral where it had just emerged from the 
axis (Figures 5.2 and 5.3). 
A comparison of the occurrence of arbuscules of VAN fungi in 
primary, secondary and tertiary root laterals is shown in Table 53 
together with the results for assessment of RCD in these laterals. 
Cortical senescence was significantly less advanced in the secondary 
than in the primary laterals, and less still in tertiary laterals. 
For example, only 12% and 5% of secondary and tertiary laterals 
respectively had completely anucleate cortices near their points of 
emergence, whereas 56% of primary laterals were anucleate in this 
region. Percentage infection by VAN fungi in this region of roots 
was much higher in tertiary, and particularly in secondary, laterals 
than in primary laterals (Table 5.3). 
These results suggested a general relationship between extent 
of RCD in roots and degree of colonisation by VAN fungi. So a 
series of comparisons was made between roots in order to further 
investigate any such relationship. The comparisons were made on the 
following bases. 
Relationship between degree of VAN infection of primary 
laterals arising from root axes that were or were not 
infected by VAN fungi. 
Relationship between degree of VAN infection of primary 
laterals and degree of RCD in root axes. 
jr 
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Figure 5.2. 	Wheat root lateral emerging from seminal root axis 
(stained with trypan blue); both parts of the root 
are colonised by VAM fungi, except at the extreme 
base of the root lateral. 
a 
frjfr I 
Figure 5.3. 	As Fig. 5.2, but VAIl fungi are present, although 
have not formed discrete arbuscules, at the lateral 
base. 
- 
Percent of laterals with 0-4 nucleate cortical 
cell layers 






































Table 5.3. 	Percentage of primary, secondary and tertiary root laterals with different numbers of nucleate 
cortical cell layers, and percentage containing arbuscules of VAM fungi, produced from wheat 
seedlings grown for 25 days in soil cores*. 
Root 	Percent 
laterals 	VAM infection 
Primary 34.3 	(34.8) 
Secondary 71.0 	(62.7) 
Tertiary 60.3 	(53.7) 
SED 
( 	 8.36) 
LSD (5%) (16.7) 
(1%) (22.2) 
fri 	10' 
* Assessments are based on data from the points of emergence of root laterals; means of 30 root systems (arcsine 
transformations in parentheses). 
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iii) Relationship between degree of VAN infection of primary 
laterals and degree of RCD in those laterals. 
Table 5.4 shows differences in percentage infection of primary laterals 
by VAN fungi and pattern of RCD in the laterals for seminal root axes 
that were either infected or not infected by VAN fungi. Roots with 
VAN fungi present in axes also showed the higher percentage infection 
of primary laterals, and so a comparison of RCD in heavily and lightly 
colonised roots could be made. However, there was no significant 
difference in RCD between laterals in these two types of root, despite 
significant differences in VAN infection. 
As was described earlier, 15 of the 30 seminal roots assessed in 
the experiment contained nucleate cortical cell layers in at least 
part of the root axes. Roots which contained nucleate cortical cells 
in the axes showed less RCD in primary laterals than was seen in 
laterals produced by roots without nucleate cortices in the axes 
(Table 5.5). In this comparison, the most notable difference was that 
roots with nucleate axes produced laterals with predominantly 1 viable 
cell layer, whereas anucleate axes produced laterals with 
predominantly anucleate cortices. In other words, the major 
difference was whether or not cell layer 1 was nucleate. 
Correspondingly, roots with nucleate axes bore primary laterals with 
higher infection by VAN fungi than was the case in laterals from 
anucleate axes, although this difference was not statistically 
significant (Table 5.5). 
The two comparisons made above did not represent roots with 
respectively most and least VAN infection overall. Tables 5.6 and 
5.7 compare the extent of RCD, and the percentage infection by VAN 
fungi, in primary laterals arising from the 15 roots which contained 
most and least VAN infection, measured at the oldest (Table 5.6) or 
Table 5.4. 	Percentage of primary root laterals with different numbers of nucleate cortical cell layers, and 
percentage containing arbuscules of VAM fungi, for laterals arising from seminal root axes that 
were infected or not infected by VAM fungi*. 
Presence 	Per cent 	 Percent of primary laterals with 0-4 nucleate cortical 
or absence VAM infection 	 cell layers 
of VAM 	 0 	 1 	 2 	 3 	 4 fungi in 
root axes 
Present 	49.5 (45.8) 	55.7 (50.6) 	26.8 (28.6) 	13.7 (17.4) 	3.7 (5.8) 	0 	(0) 
Absent 	24.0 (28.7) 	53.8 (46.3) 	33.6 (34.0) 	10.7 (15.5) 	1.1 (2.3) 	0.8 (1.4) 
SED 	 ( 6.12) 	( 7.59) 	( 5.65) 	( 5.53) 	(3.12) 	(1.4) 
L S D (5%) 	(12.5) 	 - 	 .- 	 - 	 - 	 - 
(1%) 	(17.0) 	 - 	 - 	 - 	 - 	 - 
* Results are based on assessments from the points of emergence of root laterals; means of 14 roots from 25 
day old wheat plants grown in soil cores (arcsine transformations in parentheses). 
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Table 5.5. Percentage of primary root laterals with different numbers of nucleate cortical cell layers, and 
percentage containing arbuscules of VAIl fungi, 	for laterals arising from seminal root axes that 
contained or did not contain nucleate cortical cells*. 
Presence Percent Percent of primary laterals with 0-4 nucleate cortical 
or absence VAIl infection cell layers 
of 
c1eate 0 	 1 2 3 4 
cells in 
root axes  
Present 45.0 	(43.3) 39.0 (37.2) 	41.0 (39.6) 17.3 	(21.4) 3.8 (5.8) 0 	(0) 
Absent 28.5 	(31.2) 73.2 	(62.1) 	17.7 (21.2) 11.3 	(11.1) 1.2 (2.3) 0.8 	(1.3) 
SED ( 	 6.57) ( 	 6.04) (4.59) ( 	 4.84) (3.12) (2.15) 
LSD (5%) - (12.9) ( 	 9.8) (10.3) - 
(1%) - (17.8) (13.5) - - - 
(0.1%) - (24.6) (16.8) - - - 
* Results are based on assessments from the points of emergence of root laterals; means of 14 roots from 
25 day old wheat plants grown in soil cores (arcsine transformations in parentheses). 
Table 5.6. Percentage of primary root laterals with different numbers of nucleate cortical cell layers, and 
percentage containing arbuscules of VAM fungi in their oldest regions; 	comparison of root 
systems with most and least VAM infection*. 
Extent of Percent Percent of primary laterals with 0-4 nucleate cortical 
VAM VAM infection cell layers 
infection 0 1 2 3 	 4 in root 
systems  
Most 52.7 	(48.0) 	48.8 	(44.3) 	35.2 (34.9) 14.1 	(18.8) 1.1 	(2.1) 	0.8 (1.3) 
Least 16.0 (21.5) 	63.3 (55.1) 	23.5 (25.9) 10.3 	(13.5) 4.0 (5.9) 	0 (0) 
SED ( 	 5.44) ( 	 7.38) ( 	 5.51) ( 	 5.11) (3.11) (1.3) 
LSD (5%) (11.1) - - - - - 
(1%) (15.0) - - - - - 
(0.1%) (20.0) - - - - - 
* Means of 15 root systems from 25 day old wheat plants grown in soil cores (arcsine transformations in 
parentheses). 
Table 5.7. 	Percentage of primary root laterals with different numbers of nucleate cortical cell layers, and 
percentage containing arbuscules of VAM fungi in their youngest regions; comparison of root 
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* Means of 15 root systems from 25 day old wheat plants grown in soil cores (arcsine transformations in 
parentheses). 
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youngest (Table 5.7) parts of the primary laterals. The number of root 
laterals with completely anucleate cortices was higher in roots with 
least as opposed to most VAIl infection when measured at the oldest 
(Table 5.6) or youngest (Table 5.7) root regions, although the 
difference was not statistically significant in the oldest regions, 
even when compared by two-way analysis of variance. 
These comparisons show a consistent, although not always 
significant, relationship between the extent of RCD in root laterals 
and the amount of VAIl infection. But they do not help to 
differentiate between causal or consequential relationships between 
these phenomena. In other words, is the rate of RCD altered as a 
result of infection, or is VAIl infection seen only because there is 
less RCD? 
5.2.2. Colonisation of Roots by Phialophora graminicola 
In contrast to infection by VAIl fungi, infection of root axes 
with P. graminicola was common. Of the 30 roots examined, 29 
supported P. graminicola infection in root axes: 29 in older halves 
and 23 in younger halves of the axes. Over all 30 roots, a mean of 
+ 
19.6 - 1.4 microscope fields (of a max. 27) contained 
P. graminicola hyphae in older parts of axes, compared with 15.2 
1.9 in younger parts of axes, a difference significant at P = 0.05 
by paired samples analysis. However, mean hyphal density per root 
field did not differ between younger and older parts of axes: based 
on assessment of microscope fields containing P. graminicola, the 
mean numbers of hyphal intersections for older and younger regions of 
axes were 8.6 t 1.37 and 8.9 1 1.59 respectively. However, root 
laterals were relatively sparsely colonised by P. graminicola, only 
52% of laterals containing any hyphae of the fungus. It was noticed 
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that some microscope fields on root laterals contained only 
P. graminicola, some only VAN fungi, and some contained both fungi. 
So a detailed comparison was made for the distributions of these 
fungi, both with the roots sampled previously and with roots from 
other field locations, in order to detect any possible patterns. 
The comparisons were restricted to root systems (axes plus sub-
tending laterals) that supported both fungi, though not necessarily 
on individual root laterals. For the 23 root systems that met this 
criterion there was no evidence for exclusion of one type of fungus 
by the other: overall, 22% of primary laterals supported only 
P. graminicola, 16% supported only VAN fungi, 31% supported both, 
and 31% neither. 
This comparison was then extended to roots from wheat seedlings 
grown in soil cores taken from unaffected grass turf surrounding the 
fairy rings described in Sections 6.3 and 6.4. Plants were grown 
under similar conditions to those described previously; mean glass-
house temperature, light intensity and soil pH were as described 
later, in Sections 6.3 and 6.4. Only primary root laterals were 
assessed, and the occurrence of P. graminicola and VAN fungi was 
recorded at regular intervals along each lateral. Roots grown in 
cores from 7 different sites were examined, the sites being 
designated 1-7 (Table 5.6) and representing the external zones 
around seven fairy rings in the order in which these are discussed 
in Sections 6.3 and 6.4. As before, there was no evidence of any 
relationship between infection by P. graminicola and VAN fungi 
(Table 5.8). 
5.3. 	COMPARISON OF INFECTION OF WHEAT AND BARLEY ROOTS BY 
VAN FUNGI AND Phialophora graminicola 
The aim of this experiment was similar to that above, namely to 
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Table 5.8. 	Percentage of microscope fields scanned along primary root 
laterals containing arbuscules of VAN fungi and/or dark 
hyphae of Phialophora graminicola; data for wheat root 
systems from plants grown in soil cores from 7 sites in 
amenity turf. 
Site** 	 Percentage of microscope fields infected 
P. graminicola 	VAN fungi 	P. graminicola 	Neither 
only 	 only 	and VAN fungi 
1 9.3 (13)* 30.7 (43) 11.4 (16) 48.6 (68) 
2 8.9 (14) 53.5 (84) 8.9 (14) 28.7 (45) 
3 0 ( 	 0) 54.5 (30) 25.5 (14) 20.0 (11) 
4 6.9 ( 	 4) 43.1 (25) 25.9 (15) 24.1 (14) 
5 15.2 (12) 24.1 (19) 55.7 (44) 5.1 C 	4) 
6 20.0 ( 	 5) 40.0 (10) 20.0 ( 	 5) 20.0 ( 	 5) 
7 4.1 ( 	 3) 37.8 (28) 9.5 ( 	 7) 48.6 (36) 
s.e. 9.2 t 2.5 40.5 4.2 31.5 t 6.2 27.9 6.0 
* Data in parentheses are the numbers of observations upon which 
percentages are based. 
** See text to Section 5.2.2. for details. 
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seek evidence of relationships between RCD, the occurrence of VAM 
infection, and the occurrence of infection by P. graminicola. However, 
use was made of the reported difference in rate of RCD between wheat 
and barley (Holden, 1975; Deacon & Henry, 1980; Henry & Deacon, 1981; 
Deacon & Mitchell, 1985; Yeates & Parker, 1986) in the hope that this 
difference would be reflected in differences in fungal invasion. 
A series of 40 soil cores (2.5 x 5.0 cm) was sampled from amenity 
grassland at the School of Agriculture, King's Buildings, Edinburgh, 
composed mainly of Poa annua and Agrostis tenuis. Cores were prepared 
for a wheat seedling assay as described in Section 2.3.4, and had a 
mean pH of 5.49 	0.06. Half of the prepared cores were seeded with 
two pre-germinated grains of wheat (cv. Sicco), the other half with 
barley (cv. Golden Promise). They were arranged in trays and 
incubated at approximately 20 °C in a glasshouse with supplementary 
fluorescent lights producing a light intensity of approximately 5 klux 
with a 16 hr day length. After each of 12, 19, 25 and 30 days' 
incubation, 5 barley-seeded cores and 5 wheat-seeded cores were 
sampled, the root systems being washed free from soil under a tap. 
Plant shoots were discarded, and root systems preserved in 70% 
methylated spirits. 
Two first seminal roots were excised below the grain from the 
larger of the plants from each core. One root was stained with 
acridine orange (Section 2.6.1) and observed under a fluorescence 
microscope at 100 x magnification. 	Starting at the oldest end of 
each axis, the number of nucleate cortical cell layers (max. 6 for 
wheat, 7 for barley) was counted for each of 7 alternate microscope 
fields, moving towards the root tips. 	Primary root laterals that 
arose within the fields assessed were also examined. For these 
laterals, the number of nucleate cortical cell layers was assessed 
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at up to 5 points, 1.18 mm (the length of an eyepiece graticule) apart. 
Additionally, several free-hand transverse sections were cut from the 
same, stained roots at approximately 2 cm from the oldest part. These 
were observed under a fluorescence microscope, and the numbers of 
nucleate cortical cell layers in 4 radii, each at 900  to the next, were 
recorded. The second seminal root was stained with trypan blue 
(Section 2.6.2) and observed under brightfield illumination. As with 
the first root, 7 alternate microscope fields were assessed along the 
root axis, scanning from the oldest to youngest root regions. The 
presence or absence of VAM fungi and P. graminicola in each field was 
recorded, and laterals occurring within fields were examined as 
described above for occurrence of these fungi. 
Cortical senescence occurred much more rapidly than was expected; 
after only 12 days' growth, root axes of both wheat and barley 
contained a mean of less than 2 nucleate cell layers (Table 5.9) and 
by 19 days the second stage of RCD (see Section 3) was apparent, with 
about 50% of the inner cell layer anucleate. There was no evidence 
that RCD was slower in barley than in wheat roots, probably because of 4Le_ 
generally very fast rate of RCD. Cell death in root laterals also 
occurred quickly (Table 5.9), barley showing less RCD than wheat (P 
0.05; based on two-way analysis of variance across the 12-25 day 
samplings). Results for RCD in root axes were the same for either 
method of assessment used. 
Most roots examined were infected with P. graminicola and VAM 
fungi (Table 5.10), although infection levels were low in barley for 
both fungi at the 12-day sampling. Apart from this, there were no 
consistent dirferences between wheat and barley, respectively, in 
the degree of infection by either fungus. In general, the incidence 
of VAN infection increased with age of both wheat and barley 
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Table 5.9. 	Mean numbers of nucleate cortical cell layers in roots of 
wheat and barley grown for 12, 19, 25 or 30 days in soil 
cores*. 
Root axes 
No. days 	12 	19 	25 	30 
Wheat 	1.8 	0.6 	0.3 
Barley 	1.3 	0.4 	0.3 
SED 	0.31 	0.20 	0.24 
LSD (5%) 	- 	- 	- 
Primary root laterals 
12 19 25 	30 
2.9 1.9 2.2 	n.d. 
2.8 2.8 2.8 	1.7 
0.17 0.43 0.30 	- 
* Means of five replicate root systems, based on seven assessment 
positions along root axes and variable numbers along root laterals. 
n.d. Not determined. 
Table 5.10. 	Percentage of microscope fields with P. graminicola or arbuscules of VAM fungi in roots of wheat and 
barley grown for 12, 19, 25 or. 30 days in soil cores*. 
Root axes 
P. graminicola VAM fungi 
No. days 12 19 25 30 12 19 25 30 
Wheat 52.4 (51.5) 32.2 (30.6) 54.8 (50.4) 50.0 (45.0) 0 0 0 0 
Barley 2.4 ( 	3.7) 40.5 (34.5) 54.8 (50.4) 57.1 (49.1) 0 0 0 0 
SCO (12.3) (25.9) (26.0) (22.5) - - - - 
150 (5%) (29.1) - - - - - - - 
Root laterals 
P. graininicola 
S VAIl fungi 
No. days 12 19 25 30 12 19 25 30 
Wheat 27.5 	(26.5) 22.2 (20.9) 8.3 (10.0) 10.0 (13.3) 40.3 (36.7) 26.7 (23.5) 66.7 (60.0) 50.0 (45.0) 
Barley 6.7(8.9) 13.4 (11.0) 27.4 (23.1) 5.0(6.7) 6.7 ( 8.9) 34.8 (29.8) 51.3 (45.7) 55.0 (51.7) 
SED (15.6) (16.0) (19.1) (12.1) ( 	9.9) (17.8) (21.8) (33.9) 
LSD (5%) - - - - (22.1) - - - 
* 	Means of five replicate root systems, based on seven assessment positions along root axes and variable 
numbers for root lateral.s (arcsine transformations in parentheses). 
I- 
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seedlings, although there was no evidence of such an increase in the 
primary root laterals after the 25-day sampling (Table 5.8). The 
number of microscope fields containing arbuscules was divided by the 
numbers of entry points of VAN fungi on the 10 most heavily infected 
wheat or barley root laterals from each sample time, in order to 
assess lateral spread of VAN infection over time. At the 12-day 
sampling the mean extent of infection was 0.60 + - 0.10 microscope 
graticule "units" (each 1.18 mm) per entry point whereas after 30 
days the corresponding figure was 1.20 1 0.11 (a difference significant 
at P = 0.01). However there was no evidence of spread of infection 
between the 25- and 30-day samplings, suggesting that RCD may have 
limited spread of infection by the 25-day sampling. In contrast to 
this linear spread, there was no evidence of radial spread of 
infection: arbuscules occurred only in the innermost cortical cell 
layer of the primary laterals. This was true for both wheat and 
barley. There was no consistent pattern to the number of VAN entry 
points occurring on ràot laterals; based on the 10 most heavily 
infected root laterals from each sampling time, 11.10 	1.67 entry 
points occurred per cm of root lateral assessed at the 12-day sampl- 
ing, 4.68 	1.11 at the 19 day sampling, 5.67 	0.87 at the 25-day 
sampling, and 7.63 t 0.57 at the 30 day sampling. 
5.4. 	INFECTION OF WHEAT AND BARLEY ROOTS GROWING IN LONG 
(40 CM) POLYETHYLENE TUBES OF GRASSLAND SOIL 
Wheat and barley seedlings grown in small soil cores did not 
show differences in infection by VAN fungi, perhaps because RCD 
occurred quickly and at similar, rates in both plant species. So the 
previous experiment was modified to prevent restriction of roots, 
by growing the plants in long tubes of soil. 
Soil was collected from turves cut from upland acid grassland 
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at the Castlelaw Hill Fort, near Penicuik, Midlothian. The soil in the 
top 10 cm of turves was shaken free from roots, and prepared as 
described in Section 2.3.3. The soil had an available phosphorus 
content of 4 mg kg and a pH of 5.4, determined as described in 
Section 2.6.5. Approximately 500 g of soil was used to fill each of 
the 14 long (40 cm) polyethylene tubes which had been constructed as 
described in Section 2.3.3. These were then suspended from a metal 
frame (Section 2.3.3) placed on a glasshouse bench at 25 0C under 
supplementary fluorescent lights, with a 16 h daylength. Light 
intensity was approximately 7 klux measured at the tops of the tubes 
at midday. The soil in the tubes was brought to 60% saturation with 
tap water. Seven of the tubes were each seeded with two germinated 
grains of wheat (cv. Armada), the other seven being similarly seeded 
with barley (cv. Golden Promise). In addition, some of the soil was 
used to prepare a dilution series to assess the most probable number 
of infective propagules of VAN fungi in the soil, using a clover 
assay (Section 2.6.4). The results of this revealed an estimated 2.1 
infective propagules g of soil. Spores recovered from the soil 
(Section 2.2) indicated the presence of inoculum of Clomus epigaeurn, 
but the "fine endophyte". Glomus tenue, also was seen to infect roots 
although its spores were not recovered by the procedure used. 
After incubation for 30 days in the glasshouse, the polyethylene 
tubes were cut along their lengths, taking care not to damage the 
roots. The root systems were washed free from the soil under a tap, 
and shoot systems were removed and dried to constant weight at 80 0C. 
Root fresh weight was recorded and the roots were fixed and preserved 
in 70% methylated spirits. One first-formed seminal root was excised 
just below the grain from the largest plant from each pot. Lateral 
roots were trimmed to approximately 2 cm length and the roots were 
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then stained with acridine orange and examined for presence of nuclei. 
The number of nucleate cortical cell layers was recorded for each 
successive microscope field along the root axis, starting at the root 
tip. In a few roots, RCD was also assessed in root laterals. Follow-
ing assessment of RCD, the roots were stained with trypan blue. 
Colonisation by P. graminicola was assessed on root axes, the number 
of intersections of a transversely positioned eyepiece graticule with 
dark hyphae of the fungus being recorded for each microscope field. 
VAN fungi were recorded from root laterals as the number of cell 
layers occupied by arbuscules; assessments were made at up to six 
positions along each lateral, each position representing 1.18 mm of 
root length. 
Plants grew slowly in the grassland soil, although no obvious 
signs of nutrient or other stresses were seen. As shown in Table 5.11, 
after 30 days wtieat and barley produced similarly sized root systems, 
whether assessed as mean root length or fresh weight. However, wheat 
shoot systems were significantly larger than those of barley. 
Both wheat and barley showed quite an advanced stage of RCD after 
30 days, and although there was more cortical senescence in wheat 
than in barley yet the difference was not statistically significant 
(Table 5.12). The difference was certainly less than expected, 
perhaps because of sub-optimal growth conditions in the grassland 
soil. 
Infection of roots by VAN fungi was very limited and occurred 
only in the laterals (Table 5.13). There was no significant 
difference between wheat and barley in this respect. Spread of VAN 
infection from entry points also was limited, but no attempt was made 
to record this accurately because of the low number of infections 
observed. All arbuscules were seen in the innermost cortical cell 
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Table 5.11. Growth of wheat and barley seedlings after 30days in 40 
cm tubes containing sieved grassland soil*. 
Length of Fresh Dry weight Root 
longest weight of of shoot Shoot** 
seminal root system system (mg) ratio 
root (cm) (mg) 
Wheat 26.5 781 154 5.01 
Barley 24.0 875 110 7.92 
SED 3.34 151.5 17.7 0.74 
LSD (5%) - - 38.6 1.60 
(1%) - - - 2.25 
* Means of seven replicate plants; assessed from the larger plant 
in each tube. 
** Root fresh wt. (mg) 
Shoot dry wt. (mg) 
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Table 5.12. 	Percentage of cortical cell layers with nuclei in seminal 
root axes of wheat and barley seedlings grown for 30 days 
in 40 cm tubes*. 
Whole root 	Younger half 
of root 
Wheat 	 25.2 (30.0) 	37.5 (37.4) 
Barley 	34.8 (35.9) 	49.1 (44.8) 
SED 	 ( 4.20) 	 ( 7.59) 






* Means of seven replicate root systems (arcsine transformations in 
parentheses). 
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Table 5.13. 	Percentage of microscope fields containing arbuscules of 
VAM fungi or hyphae of Phialophora graminicola along 
roots of wheat and barley seedlings grown for 30 days in 
40 cm tubes*. 
Root axes 
P. graminicola 	VAIl fungi 
Wheat 	32.5 (32.9) 	0 
Barley 	20.4 (22.9) 	0 
SED 	 ( 6.97) 	- 
LSD (5%) 	 - 	- 
Root laterals 
P. grarninicola 	VAIl fungi 
21.5 (21.0) 	8.0 (8.1) 
5.6 ( 6.3) 	5.4 (5.1) 
( 8.87) 	(5.08) 
* Means of seven replicate root axes, and variable numbers of root 
laterals (arcsine transformations in parentheses). 
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layer of root laterals, next to the endodermis. 
Infections by P. graminicola were more common on both root axes 
and root laterals than in the case of VAM fungi; P. graminicola also 
was more common on wheat than on barley roots, although this difference 
was not significant. So, again, the attempt to use the known 
difference in rate of RCD between wheat and barley in order to 
investigate factors influencing fungal infection of the cortex proved 
unsuccessful. 
5.5. 	RELATIONSHIP BETWEEN SHADING, INFECTION BY Glomus 
fasciculatum, AND CORTICAL SENESCENCE IN WHEAT ROOTS 
No marked difference was seen in the extent of colonisation by 
VAM fungi in wheat as compared with barley roots in the previous 
experiments, even although small differences in RCD occurred. So an 
attempt was now made to exploit the finding of Lewis & Deacon (1982), 
namely that shading of wheat results in a much-reduced rate of RCD in 
seminal root axes. 
Soil mixture composed of John Innes No. 3 Compost and sand 
(1 : 3, v/v), and containing pot culture inoculum of Glomus 
fasciculatum, was prepared as described in Section 2.2. Half of this 
mixture was sterilised by autoclaving at 121 0C for 30 mm. Thirty 
two 40 cm long polyethylene tubes were prepared, half being filled 
with the sterilised soil mixture and the other half with unsterilised 
mixture. The content of each tube was then brought to 60% saturation 
with tap water and maintained at this level by watering on alternate 
days. The tubes were suspended from a metal frame on a glasshouse 
bench beneath fluorescent tubes (16 h daylength), with half of the 
tubes of each treatment (sterilised and unsterilised soil) being 
positioned within a "cage" constructed from double sheets of plastic 
netting to shade them. Light intensity measured at the tops of 
169. 
tubes at midday in sunny conditions was approximately 8 klux (unshaded) 
and 3 klux in shaded conditions. Glasshouse temperature (mean 25 0C) 
varied little over the course of the experiment, and did not differ 
appreciably between shaded and unshaded positions. Each tube was 
seeded with two germinated, surface-sterilised grains of wheat (cv. 
Armada), and its top was covered with a clear plastic sheath which was 
removed following seedling emergence. Half of the tubes were sampled 
after 30 days' growth, and half after 35 days. At each sampling time 
four replicates of each of the following four treatments were available 
for comparison, 
sterilised soil in shaded conditions, 
sterilised soil in unshaded conditions, 
unsterilised soil (containing inocula of Glomus fasciculatum) 
in shaded conditions, 
unsterilised soil (containing Glomus fasciculaturn) in un-
shaded conditions. 
Soil pH was 5.9 and did not differ between sterilised and un-
sterilised treatments. Available phosphorus content of the soil 
measured as described in Section 2.6.5, was increased after autoclaving, 
from 2.0 mg to 3.5 mg kg 	soil mixture. The non-autoclaved soil 
mixture contained an estimated 5.5 infective propagules of 
C. fasciculatum g 1 mixture, assessed by most-probable number analysis 
(Section 2.6.4). 
On sampling, roots were washed free from soil under a tap, and the 
shoots were removed. The numbers of leaves and shoot oven-dry weights 
were determined, as were the numbers of root axes and fresh weights of 
the root systems. Roots were then preserved in 70% methylated spirits 
The longest first-formed seminal root produced by the larger 
plant from each tube was selected for assessment. Each root was 
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excised just below the grain, and lateral roots were trimmed to 
approximately 1 cm in length. The lateral roots cut from the root axes 
were then cut into 1 cm lengths and randomised in a water-filled tray. 
Fifty such 1 cm lateral root pieces were then selected randomly for 
assessment. 
The trimmed root axes and batches of 50 root pieces were stained 
with acridine orange (Section 2.6.1) for assessment of cortical 
senescence. The numbers of nucleate cortical cell layers in root axes 
were assessed for successive microscope fields, beginning at root tips. 
During this procedure the occurrence of primary root laterals was 
noted, and the numbers of nucleate cell layers in them was recorded, 
firstly in the microscope field (defined by the length of an eyepiece 
graticule; 1.18 mm diam.) where the lateral adjoined the root axis 
and, secondly, in the next field (1.18 mm) along the laterals from the 
point of emergence. The 50, 1 cm lengths of root lateral were arranged 
in sets of ten on "root slides" (Nicolson, 1959) and the mean number of 
nucleate cortical cell layers in them (max. 4) was recorded. 
Following assessment of cortical senescence, the roots were 
stained with trypan blue for assessment of colonisation by 
C. fasciculatum. The assessment procedure was similar to that used 
before. Root axes were scanned along successive microscope fields 
starting from the tip; presence or absence of arbuscules (or signs 
of degenerate arbuscules) was recorded. Similarly, the occurrence of 
arbuscules in primary laterals attached to the axes was recorded for 
the two positions at which RCD was determined. The occurrence of 
arbuscules in batches of 50 root pieces was assessed using "root 
slides", and scored as follows. 
0 	No arbuscules 
1 	Less than one third of the root length containing 
arbuscules 
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2 	Between one third and two thirds of the root length 
containing arbuscules 
3 	More than two thirds of the rooth length containing 
arbuscu lea. 
Plant growth was markedly affected by the treatments applied in this 
experiment, as seen in the results for both the 30-and 35-day samplings 
(Table 5.14). In general, shoot growth was substantially reduced in 
shaded compared with unshaded plants, and also reduced in the absence of 
C. fasciculatum compared with in its presence. However, there was 
evidence of interaction between treatments in these respects, because 
the growth-response to presence of C. fasciculatum (or at least to 
absence of autoclaving) was not evident in shaded plants whereas it was 
evident in unshaded plants. Root growth was, in general, more 
markedly affected by the treatments than was shoot growth. This is 
seen most clearly in the data for root : shoot ratios in Table 5.14. 
In particular, shading had a drastic effect in reducing root weights 
(and also an effect in reducing the numbers of root axes, although this 
was seldom statistically significant). Also in unshaded conditions, 
sterilisation of soil significantly reduced root weight at the 30-day 
sampling, though it had a lesser (non-significant) effect at the 35-day 
sampling. In contrast, sterilisation of soil had no detrimental effect 
in the shaded conditions. 
In almost all instances the longest seminal root had reached the 
bottom of the soil tube by the 30-day sampling, but the mean length of 
these roots had increased by the 35-day sampling because the roots 
continued growth by coiling around the bottoms of the soil tubes (Table 
5.14). There was no consistent pattern of response to soil 
sterilisation in terms of length of the seminal axes, but in all 
instances the length was greater in unshaded than in corresponding 
30 days 
Treatment No. leaves Shoot No. roots Root Total Root 
per plant dry per length root shoot 
weight plant (cm)** fresh ratio 
(rng) weight (mg) 
Unshaded 1 4.67 131 6.0 50.2 4352 33.4 
unsterilised 
soil 
Unshaded, 4.25 88 3.8 51.4 2415 26.7 
sterilised 
soil 
Shaded, 3.75 56 4.0 41.6 376 6.6 
unstorilised 
8011 
Shaded, 3.75 64 4.5 37.4 485 7.8 
sterilised 
soil 
SEQ 0.36 12.7 0.88 3.97 386 3.21 
LSD (5%) - 27.6 - 0.65 049 7.1 
(1%) - 38.1 - - 1200 10.0 





















5.0 141 6.75 70.8 4051 28.8 
4.75 111 4.75 58.5 3603 32.0 
4.0 62 4.0 50.3 436 7.5 
3.75 63 3.75 52.8 046 13.8 
0.25 9.5 0.65 3.69 432 2.76 
0.55 21 1.4 8.0 951 6.0 
0.77 29 2.0 11.3 1345 8.4 
1.08 41 - 15.9 1920 11.9 
I.-. 
Table 5.14. 	Growth of wheat seedlings in shaded or unshaded conditions after 30 or 35 days' incubation in 40 cm 
polyethylene tubes containing sterilised or unsterilised soil mixture*. 
* Means of four replicate plants (largest plant in each pot). 
** Based on longest seminal root from each plant. 
Root fresh weight (mg) 
Shoot dry weight (mg) 
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shaded conditions. 
Only plants from the 30-day sampling were examined for cortical 
senescence and formation of mycorrhizas, since those from the 35-day 
sampling had clearly impeded seminal roots. All plants grown in 
unsterilised soil mixture containing inocula of C. fasciculatum 
formed mycorrhizas. However, infection of seminal root axes by the 
fungus occurred in only two of the four unshaded plants, and in none 
of the shaded plants. Indeed, the two plants that supported VAIl 
infection in their root axes were infected in, respectively, only 
two and three microscope fields along the whole length of the axes. 
Preliminary observations revealed that the primary and secondary root 
laterals were quite heavily infected by VAIl fungi. There was a 
tendency for the degree of infection to be heavier in secondary than 
in primary root laterals of unshaded plants, but similar in primary 
and secondarylaterals of shaded plants (in which development of 
lateral roots was comparatively limited). However, such differences 
were not investigated in detail. 
Significantly more VAIl infection of laterals occurred in shaded 
than in unshaded conditions (Table 5.15), whether infection was 
assessed as the number of lateral root pieces (max. 50) infected or 
the total of the individual infection ratings (0-3) for them. 
Comparison of these two methods of assessment showed that the ratio 
of total infection rating to the number of root pieces infected did 
not differ substantially between shaded and unshaded plants. So there 
was noevidence that individual infections spread further in one 
treatment or another. Also, in all instances the arbuscules were 
confined to the innermost cortical cell layer. 
A point of interest was seen by comparing the incidence of VAN 
arbuscules in the short lengths of primary lateral that were left 
Table 5.15. 	Infection by Glomus fasciculatum of root laterals of wheat grown for 30 days in shaded or 
unshaded conditions in unsterilised soil mixture in 40 cm polyethylene tubes*. 
Percentage infection in oldest 
regions of primary laterals, left 
attached to root axes 
0-1.18 mm from 	1.18-2.36 mm from 
root axis 	root axis 
Younger regions of laterals, 
cut from root axes 
No. of 1 cm root 
	
Total infection 
pieces infected rating**  
(max. 50) 
Unshaded 1.9 	(7.5) 21.0 	(27.3) 15.0 21.0 
Shaded 0.5 	(2.7) 21.5 	(27.6) 24.5 42.5 
SED (2.15) ( 	 1.5) 2.12 5.82 
LSD (5%) - - 5.5 15.0 
(1%) - - 8.5 - 
* Means of four replicate root systems; assessments of older areas of primary laterals are based 
on variable numbers of observations (arcsine transformations in parentheses). 
** Based on the combined individual ratings (0-3) for 50, 1 cm root pieces (see Section 5.5 for 
details. 
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attached to the root axes (Table 5.15). Less than 2% of primary 
laterals contained arbucules in the region immèdi.ately next to the 
axes, whereas roughly 20% of the laterals contained arbuscules in 
the region 1.18 - 2.36 mm from the point of emergence of the 
lateral from the axis (a difference significant at P = 0.01 by 
paired samples analysis). In other words, arbuscules were seldom 
seen in the region representing approximately 5 cortical cell 
lengths from the point of emergence of laterals. This was true 
for both shaded and unshaded conditions. 
Cortical senescence had reached a relatively late stage in 
all root axes that were assessed (Table 5.16): most axes retained 
only one nucleate cell layer along their length, and the axes of 
some plants grown in unshaded conditions had completely anucleate 
cortices in their older regions, indicating the onset of the 
second stage of RCD (see Section 3). Indeed, there was significantly 
more cortical cell death in the older halves of axes of unshaded 
than of shaded plants, reflecting the onset of the second stage of 
RCD in unshaded conditions. The most likely explanation of this is 
seen in the data for root length in Table 5.14: the longer root 
axes of the unshaded plants would have reached the bottoms of the 
tubes earlier than in the case of shaded plants, and it was noted 
earlier (Sections 3.2 and 3. 5) that severe root impedance seems to 
cause loss of nuclei from all cortical cell layers of root axes. 
The use of sterilised or unsterilised soil did not, in general, 
influence the rate of cortical cell death in root axes (Table 5.16). 
Root laterals also showed significant differences in RCD, 
depending on treatments in which the plants were grown. The most 
reliable data in this respect are for assessments of 50, 1 cm 
lengths of lateral (Table 5.16). The roots of shaded plants showed 
Table 5.16. 	Persistence of nuclei in cortical cells of root axes and laterals of wheat grown for 30 
days in shaded or unshaded conditions in sterilised or unsterilised soil mixture in 
40 cm polyethylene tubes*. 
Percent nucleate cortical cell layers No. nucleate cortical cell layers 
in root axes in root laterals 
Treatment Whole root Younger half Older half Mean no. in oldest Total no. in 
region of primary 50, 1 cm 
laterals** root pieces 
Unshaded, 16.7 	(24.0) 21.1 	(27.3) 12.2 	(20.2) 1.04 135.0 
unsterilised 
soil 
Unshaded, 14.3 	(22.2) 16.3 	(23.8) 12.4 (20.6) 0.50 127.5 
sterilised 
soil 
Shaded, 18.5 	(25.4) 19.3 	(26.0) 17.6 	(24.8) 2.33 167.0 
unsterilised 
soil 
Shaded, 18.8 	(24.2) 18.5 	(25.4) 19.1 	(25.9) 2.65 138.5 
sterilised 
soil 
SED ( 	1.3) ( 	1.01) ( 	1.76) (0.238) ( 	8.05) 
LSD (5%) - ( 	2.2) ( 	3.87) (0.53) (25.0) 
(1%) - - - (0.76) (35.7) 
(0.1%) - - - (1.09) - 
* 	Means of four replicate root systems (arcsine transformations in parentheses). 




less senescence than did those of unshaded plants in the corresponding 
soil treatment (sterilised or unsterilised). This difference was 
significant in the case of plants grown in unsterilised soil. Also it 
was significant for both soil treatments when assessments were based 
on nuclear persistence in the oldest areas of laterals, near their 
points of emergence from root axes (Table 5.16). The effects of soil 
sterilisation are more difficult to assess from the data. For 
assessments of 50 pieces of laterals, soil sterilisation enhanced RCD 
in shaded but not unshaded conditions, whereas the converse was found 
in assessments of the oldest parts of laterals. 
Comparison of Tables 5.15 and 5.16 enables the relationship 
between RCD and VAM infection of laterals to be determined for plants 
grown in unsterile soil. It is notable that significantly more VAN 
infection and significantly less RCD occurred in laterals of shaded 
than unshaded plants, when assessments were based on groups of 50 
root pieces. But a similar comparison for the oldest regions of 
laterals, which were left attached to the axes during assessment, 
shows no clear relationship between RCD and VAN infection, the 
simplest explanation of this, consistent with observation of the 
roots as noted earlier, isthat some factor other than RCD 
restricted the ability of VAN fungi to colonise root laterals close 
to the root axes. 
5.6. 	BIOCONTROL OF C. graminis WITH P. graminicola IN PIECES OF 
EXCISED WHEAT ROOT MAINTAINED ON ACAR 
In Section 4, excised pieces of wheat root maintained on agar 
containing various levels of mineral and organic nutrients were used 
to investigate some of the factors influencing cortical senescence. 
This followed initial work with detached root pieces by Kirk (1982) 
and more recently by Deacon & Lewis (1986) who found that RCD 
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was delayed in root pieces incubated on potato dextrose agar (PDA) 
compared with those on water agar (WA). Deacon & Lewis (1986) also 
found that C. graminis and P. graminiOola infected root pieces 
maintained on PDA next to growing fungal colonies, in a manner 
consistent with the pattern of RCD seen in uninoculated root pieces 
on WA. 
The experiment described here, carried out in collaboration 
with Susan J. Lewis, was designed to extend these initial studies 
to see whether biocontrol of C. graminis by P. graminicola could 
be reproduced in excised root pieces, allowing this technique to be 
utilised for further study of the mechanism of biocontrol. 
Pieces (2 cm) of sterile wheat (cv. Sicco) seminal root were 
cut with a scalpel from just behind the root tips (Section 2.5) and 
incubated for 2 days at 25 0C in one of the following conditions. 
On sterile PDA. 
Next to the growing edge of a 7-day colony of P. graminicola 
Esolate SLP1) on PDA. 
On sterile filter paper moistened with sterile distilled 
water. 	 V 
Half of the root pieces from each treatment were then trans-
ferred to the edges of growing 5-day-old colonies of C. grarninis 
(isolate SLT1) on PDA, each root piece being inverted so that the 
side that had not been in contact with the supporting !! medium u was 
now in contact with G. graminis. The other half of the root 
pieces were fixed in 70% methylated spirits, without further 
treatment. After 1 day's incubation in contact with C. graminis 
the root pieces were removed, and fixed in 70% methylated spirits. 
Free-hand transverse sections were cut with a razor blade from 
the centre of each root piece from each treatment; half of the - 
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sections were stained with acridine orange to detect cortical 
senescence (Section 2.6.1), the other half being stained with 
phloroglucinol-HC1 to detect lignification of tissues (Section 2.6.3) 
and to observe depth of penetration of the roots by fungi. Sections 
were observed at 400 x magnification under a compound microscope with 
either fluorescence or brightfield illumination, and results are 
based on the best section from each replicate root piece. From each 
section, 7 or 8 "sectors" were distinguished, these being delimited 
by the radiating arms of xylem. For each sector in each section 
stained with phloroglucinol-HC1, the thickness of the inner tangential 
wall of the endodermis was measured with an eyepiece graticule, the 
innermost cell layer containing hyphae of either P. graminicola or 
G. graminis was recorded, and the degree of cortical cell wall 
lignification was noted. In root sections stained with acridine 
orange the outermost cortical cell layer containing stainable nuclei 
was recorded for each sector. Three replicate roots from each 
treatment were assessed. In addition, two further root pieces from 
each treatment were stained in acridine orange without having been 
sectioned. These were observed at 100 x magnification, and both 
the numbers of fluorescing.nuclei, and the numbers of nucleate 
cortical cell layers occurring within each of six alternate micro-
scope fields were assessed as described in Section 4.2. 
After the first 2 days' incubation of root pieces in the 
absence of C. graminis, the amount of RCD differed substantially 
between treatments (Table 5.17). Root pieces incubated on filter 
paper had lost nuclei from all cell layers of the cortex; this 
result was coroborated by observations from unsectioned root pieces. 
In contrast, root pieces incubated on sterile PDA retained nuclei 
in almost all cortical cell layers (Table 5.17), and a mean of 
Table 5.17. 	Numbers of nucleate cortical cell layers, thickness of the inner tangential 
endodermal cell wall, and, where appropriate, depth of penetration of the 
cortex by Phialophora graminicola, in 2 cm pieces of wheat root incubated 
for 2 days on different substrates*. 
Substrate 	Thickness of** endo- 	No. nucleate 	No. cells penetrated 
derrnal cell wall cell layers by P. graminicola 
Overall 	Side in 	Overall 	Side in 	Overall 	Side in 
contact contact contact 
Filter paper 	1.26 	- 	0 	- 	- 	- 
PDA 	 1.40 - 5.15 - - - 
PDA with 	1.76 	1.93 	1.12 	1.13 	1.34 	2.61 
P. graminicola 
SED 	 0.152 	- 	0.456 	- 	- 	- 
LSD (5%) 	0.35 - 1.03 - - - 
(1%) - 	 - 	1.48 	- 	- 	- 
(0.10%) 	 - - 2.18 - - - 
* Means of three replicate root pieces, based on the best transverse section from each. 
** Measured in eyepiece graticule units. 
+ Data presented from all sectors of root, and from the three or four sectors in contact 
with colonies of P. graminicola. 
++ Hyphae of P. graminicola did not colonise the opposite sides of root pieces. 
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+ 
5.7 - 0.3 cell layers was recorded as nucleate in unsectioned roots. 
Root pieces incubated on PDA in the presence of P. graminicola showed 
an intermediate amount of RCD - less than that in roots on filter 
paper, but more than in those on sterile PDA. There was, however, no 
difference in the mean number of nucleate cell layers between the sides 
of the roots in contact with P. graminicola and furthest from the 
fungus, even though the latter were not colonised by P. graminicola 
(Table 5.17). P. graminicola had colonised some of the cortical cell 
layers on the sides of root pieces closest to it, but in no case did 
the fungus infect deeper than four cell layers into the root cortex. 
It was clear that RCD progressed quickly in advance of colonisation by 
P. graminicola, but did not occur as a direct consequence of invasion 
of individual cells. Due to the colonisation of roots by dark runner 
hyphae of P. graminicola, it was not possible accurately to assess RCD 
in unsectioned roots, so this procedure was not used further in this 
experiment. There was little difference in the degree of endodermal 
thickening in the different treatments at this stage (Table 5.17), 
although the thickest endodermal walls were present in roots incubated 
in the presence of P. graminicola, and the sides of roots in contact 
with the fungus contained the thickest endoderrnal walls (although this 
difference was not statistically significant). 
On transfer of root pieces to colonies of C. graminis, the 
pathogen rapidly penetrated root pieces incubated initially on PDA or 
filter paper (Table 5.18). Indeed,root pieces incubated initially on 
filter paper appeared to offer no resistance to penetration by 
C. graminis, and in one case the endodermis was colonised after only 
1 day's incubation; these findings are compatible with the anucleate 
condition of all cortical cell layers in this treatment. Root pieces 









Table 5.18. 	Numbers of nucleate cortical cell layers, thickness of the inner tangential endodermal cell wall, 
and depth of penetration of the cortex by Gaeumannomyces graminis after 1 day, in 2 cm pieces of 
wheat root previously incubated on the substrates described in Table 5.17*. 








Thickness of endodermal 	No. nucleate cell 
cell wall 	 layers  
No. cells penetrated 
by C. graminis 
I-.- 
t\) 
Overall 	Closest Furthest Overall 	Closest Furthest Overall 	Closest Furthest 
Filter paper 1.57 1.73 1.43 0 0 0 4.63 
PDA 2.64 2.69 2.60 0.73 0.25 1.42 2.93 
PDA with 2.42 2.60 2.27 n.d. n.d. n.d. 1.80 
P. graminicola 
SED 0.200 0.207 0.224 0.400 0.250 0.629 0.498 
LSD (5%) 0.46 0.48 0.52 - - - 1.15 
(110) 0.67 0.70 0.75 - - - 1.67 
* Means of three replicate root pieces, based on the best transverse section from each. 
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but not to the same degree as were those from filter paper. In roots 
previously incubated on either PDA or filter paper, C. graminis 
penetrated the cortex to the greatest depth on the side closest to 
its colony; this difference in penetration of different sides of the 
root was statistically significant (P = 0.01 by paired samples 
analysis) for roots previously incubated on PDA but not for those 
previously incubated on filter paper. After 1 day's incubation in 
the presence of C. graminis, RCD was very advanced in roots previously 
incubated on PDA (Table 5.18). This was true of both sides of the 
roots and RCD clearly had occurred far in advance of fungal 
penetration, especially on the side furthest from the inoculurn. It 
was not possible to assess RCD in roots pre-incubated on PDA with 
P. graminicola and then incubated with C. graminis, but, in the light 
of the results presented in Table 5.17, it is likely that few, if any, 
nucleate cortical cells remained. Nevertheless, C. graminis colonised 
these root pieces sparsely in comparison to those from the other 
treatments, this difference being highly significant. Direct 
competition between P. graminicola and C. graminis for senescing root 
cortical cells is unlikely to have occurred, because P. graminicola 
had not become established in the sides of the roots placed in contact 
with G. graminis, so the latter must have colonised previously Un-
colonised tissues around at least part of the circumference of each 
root. It is notable therefore, that its degree of invasion was low on 
both sides of the roots. 
The inner wall of the endoderrriis continued to thicken to at 
least some degree in roots from all treatments after they were added 
to colonies of G. graminis. Roots previously incubated on filter 
paper showed least endodermal thickening (Table 5.18), and the inner 
endodermal walls in this treatment were only weakly lignified, 
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staining poorly with phloroglucinol-HC1. Nevertheless, the endodermal 
walls in these roots were significantly (P = 0.05 by paired samples 
analysis) thicker on the sides of roots in contact with C. graminis 
than on those which were previously in contact with filter paper. 
Endodermal wall thickening was much more pronounced in root pieces 
that had been pre-incubated on PDA with or without P. graminicola than 
on filter paper (Table 5.18), but there was no significant difference 
between presence and absence of P. graminicola in this respect (cf. 
Table 5.17). In contrast to roots pre-incubated on filter paper, 
there was no significant difference in endodermal wall thickening 
between the sides of roots in contact with or furthest from incculum 
of C. graminis respectively when the roots had previously been 
incubated on PDA or PDA with P. graminicola. Roots from both of 
these treatments showed extensive lignification of inner endodermal 
walls, as judged by staining with phloroglucinol-HC1. General 
lignification of root cortices after the 1 day incubation with 
C. graminis followed a similar pattern to that just described for 
endodermal lignification: roots from both PDA pre-treatments showed 
quite extensive cortical lignification, whereas roots from filter 
paper pre-incubation showed very little. 
5.7. 	DISCUSSION 
Most of the work in this section was designed to investigate 
possible relationships between RCD and infection of roots by 
P. graminicola and VAIl fungi. This objective, however, was only 
partly realised because RCD occurred very rapidly in some of the 
experiments, and differences between treatments were not evident. 
For example, the major difference in rate of RCD between wheat and 
barley that has been reported frequently (Holden, 1975; Henry & 
Deacon, 1981; Deacon & Henry, 1981; Deacon & Mitchell, 1985; 
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Yeates & Parker, 1986) was not obvious in the experiments reported here, 
even when the cereals were grown in unimpeded rooting conditions (Section 
5.4). A possible reason for this is that the soil was low in available 
phosphorus or other nutrients (although only phosphorus content of soils 
was measured), or was otherwise sub-optimal for plant growth, such that 
barley showed a rapid rate of RCD similar to that in wheat. This 
interpretation is consistent with earlier findings on the effects of 
mineral nutrition on rate of RCD (Section 3). In contrast, plant 
shading significantly reduced the rate of RCD in first-formed seminal 
roots (Section 5.5), as first reported by Lewis & Deacon (1982). In 
this respect the results in Table 5.14 support the interpretation 
offered by Lewis & Deacon (1982): shading markedly reduced the total 
amount of root growth more than it reduced shoot growth, as has been 
found in several other studies (Milthorpe & Ivins, 1966; Crapo & 
Ketellapper, 1981; Lewis & Deacon, 1982; Same et al., 1983) and the 
consequence of this may have been that proportionally more 
photosynthate was available to maintain viability of the rOot cortex in 
shaded than unshaded conditions. 
Irrespective of treatment-differences which will be discussed 
later, the experiments in this part of the thesis have revealed a 
consistent and interesting pattern of infection by VAM fungi. The 
cereal root axes in general supported little infection by VAM fungi, 
and sometimes contained no arbuscules even in regions where nuclei 
persisted in the innermost cortical cell layer. In contrast, the 
primary laterals arising from the root axes, and the secondary 
laterals arising from primary laterals, usually supported substantial 
VAM infection. This distinction was noticeable in most if not all 
experiments. It is unlikely to have been the result of differences 
in RCD because individual laterals, once formed, showed quite rapid 
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RCD and so would have remained fully nucleate for no longer than were 
the axes. A possible explanation of this difference in infection of 
axes compared with laterals is that under the conditions of the 
experiments, VAM fungi were not able to infect roots until times, 
relatively late in the experiments, which coincided with lateral 
development and perhaps the onset of cortical senescence in axes. In 
this respect, several workers have suggested that "root exudates" may 
be involved in the stimulation of establishment of VAM formation 
(Ratnayake et al., 1978; Graham et al, 1981, 1982; Azc6n & Ocampo, 
1981; Johnson, Graham, Leonard & Menge, 1982), a suggestion which 
might be compatible with "stimulation" of infection of new tissues 
(root laterals) following senescence of the root axes. 
Another consistent aspect of VAM infection observed in this 
study was that primary laterals arising from root axes seldom 
contained VAM infections close to their points of origin, whereas 
they were often substantially infected at short distances away from 
these points (Table 5.15). This could be interpreted in the same 
way as above for the paucity of infection of root axes, and may 
reflect, in part, the fact that RCD was inevitably more advanced in 
the older than younger regions of primary laterals (Table 5.16). 
However, the often sharp demarcation between infected and uninfected 
regions of primary laterals which occurred at approximately 0.5-1.0 
mm away from the points of emergence of the laterals, suggests that 
other explanations should be sought for this phenomenon. It seems 
that the oldest regions of primary laterals are unfavourable for VAN 
infection. This finding raises another interesting point, because in 
the normal course of RCD (Figure 1.1) nuclei tend to persist in 
regions of the root axes around the bases of emerging laterals (Henry 
& Deacon, 1981). Such "islands" of living cells in an otherwise dead 
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root cortex might, theoretically, favour VAM infection and form the 
bases from which mycorrhizal fungi can colonise newly emerging root 
laterals. However, my work shows no evidence that this occurs; on the 
contrary, as noted above, the primary laterals seem to be unfavourable 
for VAM infection near their points of emergence. 
A final notable aspect of the pattern of VAM infection seen in 
this work is that arbuscules developed primarily, and usually 
exclusively, in the innermost cortical cell layer of roots, next to the 
endodermis. This was true even when the outer cortical cell layers 
contained nuclei and presumably were alive. In the relatively few 
instances in which arbuscules occurred in the second cell layer, count-
ing outwards from the endodermis, they were always present in a larger 
number of cells in the innermost cortical cell layer. The tsheatht of 
arbuscules surrounding the root stele, which has been observed in 
cereal and grass roots by other workers (Nicolson, 1959; Hayman, 1974) 
thus cannot be explained as a consequence of advancing RCD, although 
its effect will inevitably be that the arbuscules can remain functional 
for longer in this position than elsewhere, because the innermost cell 
layer is the last to die. 
Throughout the work in this section it was observed that a 
general relationship existed between the degree of infection of roots 
by VAM fungi and the amount of RCD as determined at the end of 
experiments. It was not possible always to separate cause from 
effect in this respect. However, some of the experimental treatments 
were known to have direct effects on the rate of RCD, so in these 
circumstances it is reasonable to assume that VAN infection was 
influenced by RCD rather than vice-versa. This seems to have been 
the case in the experiment involving shading of wheat (Tables 5.15 
and 5.16), when significantly more VAN infection was observed in root 
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laterals of shaded than of unshaded plants, consistent with the finding 
that shading reduced the rate of RCD, as found by Lewis & Deacon (1982). 
In this experiment a comparison of the number of infected lateral root 
pieces with the total length of root containing arbuscules showed no 
difference between shaded and unshaded conditions. This suggests that 
the major difference between treatments was in the number of infections 
that occurred rather than the degree of spread of individual infections. 
In other words, the rate of RCD seemed to influence the initial 
establishment of VAM infection and not the subsequent development of 
these infections (except, perhaps, in the case of severely restricted 
roots (Section 5.3) where RCD progresses quickly until all cortical 
cells die). Hepper (1985) recently invoked possible differences in 
rate of RCD to explain why leek roots remain susceptible to establish-
ment of VAM infection in up to 32-day old regions whereas clover roo1-s 
(Trifolium parviflorum) become almost completely immune to infection 
in only 5-day old regions. Unfortunately, virtually nothing is known 
about the rates of RCD in these plants, although, in a separate study, 
MacLead et al. (1986) were unable to detect RCD in clover 
(1. subterraneum) roots. Buwalda, Ross, Stribley & Tinker (1982) 
have hypothesised that roots of leek remain suitable for infection by 
VAM fungi for only a limited time in any one root region, such that 
there is a moving "window" of infectible root tissue as the root 
grows through soil, and several workers consider that young root 
regions, close to root tips, are most susceptible to VAN infection 
(Gunze & Hennessy, 1980; Smith & Walker, 1981; Buwalda et al., 1982; 
Sanders & Sheikh, 1983; Buwalda, Stribley & Tinker, 1984; Hepper, 
1985; Amijee, Stribley & Tinker, 1986). Whether or not this is 
related to RCD in non-grarninaceous plants remains to be determined. 
It could easily be related to the onset of RCD in cereals, however, 
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because the, root epidermis of wheat can be anucleate in only 4- to 5-
day old regions (van Vuurde & Schippers, 1980; Deacon & Henry, 1980; 
Henry & Deacon, 1981) in glasshouse conditions. In this respect a 
potentially important distinction should be made between the results 
from observations in glasshouse and field conditions: the rate of 
RCD is much slower in the field, though still relatively rapid 
(Deacon & Henry, 1981; Henry & Deacon, 1981), but the rate at which 
infection by VAM fungi is initiated may not differ by the same degree 
in glasshouse and field conditions. 
From the results of my experiments it is not possible to determine 
whether VAM infection influences the rate of RCD. Unfortunately, the 
one experiment in which such an effect might have been detected (Tables 
5.14 to 5.16) involved the use of sterilised and unsterilised soil 
(respectively in the absence and presence of viable inocula of Glomus 
fasciculatum) so interpretation of the effects of the VAN fungus was 
complicated by other possible effects of soil sterilisation. 
However in the experiments as a whole there was never any 
evidence of local and unusual persistence of nuclei in regions of 
roots containing VAN arbuscules compared with in nearby regions that 
were uninfected. So if VAN fungi did influence the rate of RCD then 
they would have had a general rather than local effect on the root 
systems. MacLeod et al. (1986) investigated the effects of VAN 
infection on RCD in wheat but found a complex relationship that was 
difficult to explain and was not obviously related to effects on 
phosphorus-uptake or growth of the plants. In phosphorus-deficient 
conditions inoculation with VAN fungi decreased RCD, whereas in 
phosphorus-adequate conditions inoculation increased RCD. These 
workers presented no information on whether or not the effects of 
VAN infection were localised. 
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P. graminicola was expected to be common in the grassland soils 
used in these experiments, because it is a characteristic colonist of 
grass root cortices (Scott, 1970; Deacon, 1973a, b, c, 1976) and also 
is able to colonise cereal roots from a soil population established 
under grass (Deacon, 1973a, b; Slope et al., 1978). It was seen 
commonly on the wheat and barley root axes growing in grassland soil, 
and less commonly on primary and secondary laterals arising from the 
axes. Moreover, it was significantly more common on old than young 
regions of root axes (Section 5.2.2). All these findings are 
compatible with the hypothesis that P. graminicola colonises dying 
root cortices (Holden, 1976; Deacon, 1981a; Deacon & Lewis, 1986). 
Unfortunately, the attempts to test this hypothesis by comparing 
colonisation of wheat and barley roots were unsuccessful because there 
was no major difference in rate of RCD between these cereals in the 
experiments reported here. The experiment involving shading of plants 
might have proved useful in this respect, but the soil used in this 
experiment did not contain a resident population of P. graminicola. 
Attempts were made also to compare the distributions of VAM fungi and 
P. graminicola on root systems, because VAN fungi are biotrophs 
whereas P. graminicola is a necrotroph apparently dependent on RCD 
for invasion of roots. In general, these fungi were found to have 
colonised different parts of the root systems, P. graminicola being 
most common on root axes, whereas VAN infection was most common in 
laterals. Nevertheless, detailed assessments of individual root 
laterals showed no evidence of contrasting distributions of these 
fungi: in several instances both occurred in the same root region 
and even in the same microscope field, although P. graminicola was 
seen predominantly in the outer cortex or on the root surface whereas 
VAN arbuscules were seen in the innermost cortical cell layers. It 
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is not known if infection in these instances occurred more or less 
simultaneously or successively as the roots underwent different stages 
of RCD. 
In the final experiment of this section (Tables 5.17, 5.18), an 
attempt was made to exploit isolated root pieces to investigate inter-. 
actions between P. graminicola and C. graminis var tritici as influenced 
by RCD. The results are difficult to interpret but a number of points 
were clear and form the basis for future studies. During the first 
incubation period, before root pieces were exposed to C. graminis, root 
cortices died to different degrees, apparently as a result of the 
availability of nutrients from the underlying substrate. Even the 
effect of P. grarninicola can be interpreted in this way, because there 
was no significant difference in rate of RCD in the sides of root 
pieces invaded or uninvaded by this fungus. Of interest, 
P. graminicola caused significant thickening of the endodermal cell 
walls in advance of penetration of the inner cortex, supporting the 
original findings of Speakman & Lewis (1978) for roots of intact 
plants. However, the most interesting finding concerned the rate of 
subsequent invasion of root cortices by C. graminis, which was 
significantly reduced in root pieces previously exposed to 
P. graminicola and even in parts of the root pieces that 
P. graminicola had not colonised. There are two possible explanations 
of this. Either the growth of P. graminicola in part of the cortex 
created a nutritionally suboptimal environment for invasion by 
G. graminis in the rest of the cortex or P. graminicola produced or 
elicited the production of materials toxic to C. graminis thereby 
slowing its advance through the cortex. Deacon (1981a) has suggested 
that the ability of P. grarninicola to control C. graminis in cereal 
roots depends on prior and continuing utilisation of nutrients from 
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senescing root cells. The alternative suggestion, that 
P. graminicola elicits the production of antifungal agents by plants 
cannot be excluded. Deverall et al. (1979) found no evidence of the 
production of phytoalexins such as those found in legumes when wheat 
was inoculated with P. graminicola, but cortical cell lignification 
and associated events could be implicated in the biocontrol mechanism, 
and the general role of such reactions in restricting fungal 
penetration of cell walls has been demonstrated by Ride (1980). 
SECTION 6 
193. 
SECTION 6. 	CHANGES IN FUNGAL POPULATIONS IN THE ROOT ZONE OF 
FAIRY RINGS 
6.1. 	INTRODUCTION 
So far in this thesis, the role of RCD in infection of grass root 
cortices by root-infecting fungi has been considered in some depth. It 
has been suggested that RCD is a major factor determining which fungi 
can infect grass root cortices at different stages of root development. 
However, there have been few studies in which changes in the populations 
of root-infecting fungi have been compared in natural environments, and 
an opportunity to do this is provided by the sequential changes that 
occur in turf as fairy ring fungi growi through it. 
The work described in this section concerns the naturally occurring 
populations of the strictly biotrophic VA mycorrhizal fungi and of the 
necrotroph, Phialophora graminicola, in different zones of several grass-
land fairy rings. As has been discussed previously (Section 1), the 
populations of soil fungi in different zones of active fairy rings are 
subject to considerable changes, and of these the amount of fairy ring 
fungus in soil clearly changes the most. Several workers have examined 
changes in soil microflora across fairy rings of Marasmius oreades 
(Warcup, 1951; Smith, 1957; Evans, 1967), but only in one study - 
that of Evans (1967) - has any attention been given specifically to 
changes in "rhizosphere" fungi. Evans (1967) did so by isolating fungi 
from root washings and small root pieces; therefore he did not record 
the occurrence of biotrophic fungi, and furthermore he could not dif-
ferentiate between weakly parasitic, or even pathogenic, fungi and 
saprophy.tes growing in dead root tissue. However, he noted that "dark 
sterile fungi with long parallel hyphae", which he attributed to 
Garrett's (1950) group of ectotrophically growing fungi, were commonly 
seen on "yOung yellow grass roots" in grass zones around fairy rings. 
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This, together with other comments made in his work, suggests that the 
fungus he studied was similar if not identical to Phialophora 
graminicola. Evans (1967) noted that this fungus appeared in old mori-
bund roots in the zones of fairy rings of M. oreades, but rarely in 
young roots in the same areas. Furthermore, he noticed that it 
occurred deep within cortices, often when hyphae of M. oreades 
occupied the outer cortex. This suggests, perhaps, that he observed a 
late stage in the sequential colonisation of the root cortices by the 
two fungi, the fairy ring fungus occupying dead outer cells after the 
dark mycelial fungus had penetrated deeper into the root. Several 
workers, however, have suggested that M. oreades invades living roots 
in fairy rings, and that this is at least contributory to the death of 
the sward (Bayliss, 1911, 1926; Filer, 1965; Evans, 1967). Such an 
interpretation is difficult to reconcile with Evans's observations 
mentioned above if, indeed, he was recording P. graminicola; this 
fungus has only a low competitive saprophytic ability (Balis, 1970) 
and also a low degree of pathogenicity, so it would neither invade the 
cortex before another parasitic fungus nor, on present evidence, be 
expected to "follow" a pathogen into a dead cortex. It was hoped that 
these and other aspects of the biology of P. graminicola could be 
resolved by re-examination of fairy rings. 
Throughout this section of the thesis, reference will be made to 
various zones of fairy rings as shown in Figure 6.1. Following normal 
convention (Jackson & Smith, 1965), rings that kill or badly damage 
the grass will be referred to as Type I, and those that stimulate 
grass growth but cause no death will be termed Type II. Sampling 
zones within these rings are "I" or "E" depending on whether they are 
internal or external to the zone of affected (dead or stimulated) 
turf and "0" or "S" if they contain dead or stimulated grass (Figure 
6.1). 
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Figure 6.1. 	Diagrammatic representations of.Type I and Type II fairy 
rings, showing zones in which samplings were made along 
transects. 
Type I 




Ii 	1 2 
Direction of growth of ring 
Type II 
E 2 	E1S 
i 	
S2 	53 	 Il 	12 
Direction of growth of ring 
E 1 , 	E2 : Zones of normal grass growth external to the ring, 
positioned 15 cm and 30 cm respectively from the outer 
edge of zone of stimulated grass growth. 
I, 	12: Zones of normal grass growth internal to the ring, 
positioned 15 cm and 30 cm respectively from the inner 
edge of zone of stimulated grass growth. 
SI, 	SE, 	0: (for Type I rings only): 	Internal and external zones of 
stimulated grass growth and central dead (bare) zone. 
S 1 , 	S 2 5
3 : (non-killing or Type II rings only): 	outer, middle and 
inner regions of a broad zone of stimulated grass growth. 
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6.2. 	ISOLATION OF FUNGI FROM ROOT PIECES FROM DIFFERENT ZONES 
OF A TYPE I FAIRY RING 
A series of small soil cores, 2.5 cm diameter and 5.0 cm deep, was 
taken during April from the bare (dead) zone and the external stimulated 
(SE) zone (see Figure 6.1) of a type I fairy ring caused by M. oreades; 
a series of "control" cores also was sampled from the turf surrounding 
the fairy ring. The ring was incomplete, being "broken" at one side, 
and was in turf composed of mainly Poa annuaL. at the School of 
Agriculture, Edinburgh. No live plants were present in any of the 
cores taken from the bare zone. 
Root pieces were teased from the cores and washed free of soil 
under a tap, then shaken in several changes of sterile water and anti-
biotics as described in Section 2.1. Twenty roots from each sampled 
area were plated onto water agar or malt extract agar containing anti-
biotics (Section 2.1) and the agar plates were incubated at 25 0C. 
Table 6.1 shows the frequency of isolation of different fungal 
genera from-the root pieces incubated on water agar; no attempt was 
made to identify these fungi to species level. It can be seen that a 
range of common soil fungi was detected by this method and that 
Fusariurn and Trichoderma spp. predominated. Moreover, there was evi-
dence of a change in the populations of the fungi in different zones of 
the turf; for example, Trichoderma sp. was detected in cores containing 
living grass roots but not in cores taken from the dead zone of the 
ring, whereas Acremonium sp. was detected only in the dead zone. Of most 
interest in the context of the present study, however, P. graminicola 
could be isolated from between one-fifth and one-third of living root 
pieces taken from the cores containing living plants but not from roots 
in the dead zone, whereas microscopical examination of moribund root 
pieces from the dead zone sometimes revealed dark runner hyphae of 
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Table 6.1. 	Numbers of pieces of grass root (max. 20), in different 
zones of a fairy ring caused by Marasmius oreades, from 
which fungi were isolated on to water agar. 
Fungus isolated 	 Zone of fairy ring* 
External (E) Stimulated Dead (D) 
external (SE) 
Phialophora graminicola 7 4 0 
Trichoderma sp. 11 14 0 
Fusarium sp. 14 19 19 
Mucor sp. 4 0 0 
Microdochium sp. 2 3 0 
Penicilijum sp. 0 2 3 
Cladosporium sp. 0 2 5 
Cliocladiurn sp. 0 1 0 
Acremonium sp. 0 0 9 
* See Figure 6.1. 
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P. graminicola deep within the cortex. It is not possible to say if 
these runner hyphae were alive or merely persisted in the dead roots. 
Another interesting trend shown by the data in Table 6.1 is that 
P. graminicola was isolated less frequently (though not significantly 
so) from the stimulated zone of the ring than from the control zone; 
this perhaps reflects the larger proportion of young roots present in 
the zone of stimulated grass growth. 
When incubated on malt extract agar, a fungus considered to be 
Marasmius oreades was commonly isolated from root pieces from the dead 
zone, and occasionally from root pieces from the stimulated zone of 
turf, in this and other experiments. It was not isolated from outside 
or inside of rings where the grass growth was indistinguishable from 
that of the turf as a whole. 
6.3. 	CHANGES IN POPULATIONS OF PARASITIC FUNGI IN A TYPE I 
FAIRY RING CAUSED BY Marasmius oreades, AS ASSESSED BY 
WHEAT SEEDLING ASSAY 
The experimental approach described above was considered inadequate 
for determining population changes in parasitic fungi in fairy rings, so 
an alternative method was developed, based on growing wheatas an assay 
crop in cores of turf. Wheat was selected for this purpose because of 
the rapid growth of its roots, which are able to explore much of the 
volume of a soil core in a short time (Deacon, 1973c). Moreover, wheat 
roots are susceptible to infection by most, if not all, root-infecting 
fungi of grasslands. They have the further advantage that their axes 
show rapid cortical senescence while the cortex of the laterals remains 
nucleate (Section 5), so they provide "microsites" that are potentially 
selective for a wide range of parasites that differ in response to 
cortical senescence. 
The same fairy ring as described in Section 6.2 was sampled in 
April, when grass growth had resumed after winter and when it was 
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assumed that N. oreades would be active. Six radial transects were marked 
in the ring, and seven soil cores were taken along each transect as shown 
in Figure 6.1. The seven cores comprised two, 15 cm apart, from outside 
the affected zone, one from each of the stimulated external zone of 
grass growth, the dead zone and the stimulated internal zone and a fur-
ther two (15 cm apart) from the normal turf within the ring. Grass species 
present in each core were identified as far as possible, and consisted 
mainly of Poa annua,Agrostis tenius Sibth., Dactylis glomerata L. and 
Lolium perenne. Grass species composition did not vary consistently in 
different zones, although, of course, no live plants werepresent in the 
bare (dead) zone. All aerial plant parts were removed aseptically from 
each core, which was then inverted and prepared for the planting of wheat 
assay seedlings as described in Section 2.3.4. The pH of each core was 
measured by making a water slurry in the top 1 cm of the core and insert-
ing a glass electrode; the mean pH was 5.91 t 0.06, and did not vary 
significantly between zones. Each core was seeded with two pre-germinated 
grains of wheat (cv. Nardler) and maintained in a glasshouse at a mean 
temperature of 200C without supplementary lighting. Light intensity 
measured at mid-day was approximately 3 k.lux at the level of the plant 
tops. 
After 25 days, shoots of the wheat assay seedlings wereremoved and 
discarded, and the root systems were carefully washed free from soil and 
preserved in 70% methylated spirits. For assessment, one first-formed 
seminal root was excised just below the grain from one plant grown in 
each core. Root laterals were trimmed to approximately 2 cm length, and 
the axis with its attached laterals was cleared and stained with trypan 
blue (Phillips & Hayman, 1970). Stained roots were then observed at 
x 100 magnification of a compound microscope and the occurrence and 
distributions of Phialophora graminicola and VA mycorrhizal fungi were 
recorded. 
Quantitative assessments were made separately for root axes and root 
laterals as follows. For the axes, twelve positions were assessed, 
starting just below the grain, and each spaced two microscope fields 
(3.82 mm) apart. At each position an eyepiece graticule was placed 
perpendicular to the root axis; the number of intersections made by the 
graticule with hyphae of P. graminicola and the number of cortical cell 
layers (max. 12) containing arbuscules of VA mycorrhizal fungi were 
recorded. Lateral roots were assessed if they occurred within the 
field of view scored for root axes. A rnaximumof six positions was 
scored along each lateral, but loss if the root was short; scoring was 
done in a similar way to that just described, except that the positions 
were 1.18 mm apart, this being the length of the eyepiece graticule 
scale, and the maximum number of cortical cell layers was eight. 
Results are presented in Table 6.2 as the numbers of sampling 
positions at which hyphae of P. grarninicola or cells containing VA 
fungal arbuscules were observed in six replicate roots. Table 6.3 
records the numbers of intersections of the graticule with the two 
fungi for all positions in all six replicate roots, thus giving an 
indication of their density as opposed to frequency of occurrence on 
the roots. 
No arbuscules of VA mycorrhizal fungi were seen at any position 
along any of the wheat root axes (Tables 6.2 and 6.3), presumably 
because the cortex of the axes would have senesced within 25 days in 
the impeditive rooting conditions in the soil cores (see Section 5.2). 
Arbuscules did occur, however, in root laterals of the wheat assay 
seedlings. 
In contrast, hyphae of P. graminicola were seenin both the axes 
and the laterals of wheat assay roots, but they occurred in 
significantly fewer assessment positions along the laterals than 
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Table 6.2. Percentage (arcsine) of assessment positions in which 
Phialophora graminicola or arbuscules of VA mycorrhizal fungi 
occurred on roots of wheat seedlings grown in cores of turf 
from different zones of a Type I fairy ring caused by 
Marasmius oreades*. 
Zone+  Root axes Root laterals 
P. graminicola 	VAN fungi P. graminicola VAN fungi 
E 2 50.6 	10.6 0 29.7 	9.8 49.2 12.6 
E 1 40.1 	10.2 0 17.9 	10.2 33.9 t 	9,9 
SE 29.9 	7.0 0 3.4 	3.4 9.8 9.8 
D 6.7 	6.7 0 18.0 	18.0 0 
SI 1.1.7 	7.5 0 2.8 	2.8 0 
I 27.0 	14.2 0 13.5 	10.2 0 
12 41.6 	12.0 0 27.4 	27.4 0 
SED** 13.44 - 17.53 10.72 
LSD (5%) 27.4 - - 22.1 
* Means 	SE for six replicate cores, based on 12 assessment positions 
along root axes and variable numbers of positions along root 
laterals. 
+ See Figure 6.1. 
** Standard error of the difference between any two means. 
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Table 6.3. 	Numbers of dark hyphae of Phialophora graminicola or 
numbers of root cortical cells containing arbuscules of VA 
mycorrhizal fungi beneath a linear graticule positioned 
across roots of wheat seedlings in cores of turf from 













P. graminicola VAM fungi 
6.63 2.00 0 
3.07 1.16 0 
1.20 0.52 0 
0.43 0.43 0 
0.22 0.18 0 
1.58 1.32 0 




P. graminicola VAM fungi 
0.89 0.37 1.68 0.58 
0.29 t 0.25 1.19 0.44 
0.02 0.02 0.30 0.30 
0.39 0.39 0 
0.02 0.02 0 
0.25 0.21 0 
0.75 0.75 0 
0.480 0.551 
- 1.13 
* Means 	SE for six replicate cores, based on 12 assessment positions 
along root axes and variable numbers of positions along root 
laterals. 
+ See Figure 6.1. 
Standard error of the difference between any two means. 
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along the axes (Table 6.2) and their mean density was even lower in 
laterals than in axes (Table 6.3). These findings confirm the 
expectation, mentioned earlier, that wheat roots may provide different 
sites suitable for infection by fungi that have different modes of 
parasitism. From the data in Tables 6.2 and 6.3 it is clear that root 
laterals must be used to assess population changes of VAM fungi in 
different zones of the fairy ring, whereas such changes for 
P. graminicola are best assessed from the data for root axes. 
The results in Tables 6.2 and 6.3 show that the population of 
VAM fungi able to infect wheat assay roots was eliminated in the dead 
zone of the ring, and that this population did not recover ,  thereafter,
even though grasses recolonised the centre of the ring and grew 
normally within it. Indeed the population of VAM fungi declined 
markedly even in the external stimulated zone of grass growth, because 
infection of wheat occurred in only one of six replicate cores from 
this zone (Tables 6.2 and 6.3). The population of P. graminicola also 
declined somewhat in the stimulated external zone compared with that 
in the normal turf beyond the ring; it declined further in the dead 
zone and remained low in the internal stimulated zone but then 
recovered to near its original level inside the ring - for example in 
the zone 12  at 30 cm inside the inner stimulated zone (Tables 6.2 and 
6.3). The data in these tables suggest that P. graminicola was not 
eliminated from the dead and internal stimulated zones; however, the 
standard errors presented in the tables indicate that this fungus was 
present on wheat roots in only one or two replicate cores from these 
zones, so the fungus did, in fact, die out (or at least was unable to 
infect the assay crop) from the bare zone around most of the circum-
ference of the ring. The population changes for P. graminicola were 
evident from assessments of both axes and laterals, but they were not 
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significant for the laterals because of the low incidence of infection of 
these. Similarly, the population changes of P. graminicola were evident 
in assessments of both the incidence (Table 6.2) and density of runner-
hyphae (Table 6.3) on the root axes. The assessments of hyphal density 
showed greatest differences for different zones of the fairy ring; but 
this was counteracted by a greater degree of variability between roots 
and between assessment positions along the roots so, overall, the assess-
ments of incidence of runner-hyphae most satisfactorily reflected the 
changes in P. grarninicola in different zones of turf. 
It was not feasible to record the presence of other fungi on wheat 
assay roots in this experiment, though it was noted that relatively 
small amounts of blue-stained hyphae were present on roots growing in 
cores from most grassland zones. Moreover, an extremely conspicuous 
"sheath" of narrow, blue-stained hyphae was seen around the wheat roots 
in cores from the dead and external stimulated zones. Some of these 
hyphae bore clamp connections and were almost certainly attributable to 
Marasmius oreades. This sheath of hyphae was never seen on roots grown 
in other zones of the turf. In summary of this experiment, therefore, 
wheat assay roots detected the presence of M. oreades in the dead and 
external stimulated zones, and this coincided with marked reductions in 
infection by VAM fungi and P. graminicola. The fairy ring fungus 
evidently died out, coinciding with the internal stimulated zones of 
grass growth, and P. grarninicola then recolonised or resumed growth 
whereas the population of VAM fungi did not recover. 
6.4. 	CHANGES IN POPULATIONS OF PARASITIC FUNGI IN NON- 
KILLING FAIRY RINGS FORMED BY Marasmius oreades, AND 
TYPE II RINGS CAUSED BY Entoloma porphyrophaeum AND 
Agaricus arvensis, ASSESSED BY WHEAT SEEDLING ASSAY 
The results in Section 6.3 showed a marked effect of an active 
type I fairy ring on the occurrence and survival of P. graminicola 
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and VA mycorrhizal fungi. The purpose of the experiments now described 
was to test the generality of these phenomena by recording population 
changes for P. graminicola and VAM fungi in rings that did not have an 
obvious zone of grass death. It was thereby hoped to address, among 
others, the following questions: 
Does M. oreades antagonise P. graminicola and VA mycorrhizal 
fungi in soil? 
Do the parasites disappear from the bare zone only because 
plant hosts are absent from this? 
Are the abilities of the parasites to infect new roots redu-
ced as a consequence of the presence of the fairy ring 
fungus? 
Six fairy rings were selected for study in an area of amenity 
grassland at the Bush Estate, Penicuik, Midlothian. Four of these 
fairy rings were typical "type II" rings, with a wide zone of stimulated 
grass 6rowth but no evidence of killing or stunting of plants; by the 
occurrence of fruit bodies in autumn, these rings were identified as be-
ing caused by Agaricus arvensis Schff. ex Fr. in one case and by 
Entoloma porphyrophaeum (Fr.) Karst in three cases. The two other 
fairy rings were both formed by Marasmius oreades but had no clear bare 
zone. At the time of sampling of these rings the grass had just been 
cut and it was difficult to determine whether grass growth was 
deterimentally affected in the centre of an obvious wide stimulated 
area. Because of this difficulty in accurately describing these two 
fairy rings they are referred to as "non-killing" or type I/Il. How-
ever, they differed clearly from the Marasmius oreades ring studied in 
Section 6.3 because of the absence of an obvious bare zone. The 
characteristics of all six fairy rings are described in Table 6.4. 
The fairy rings were sampled as before, by taking soil cores 
206. 
Table 6.4. 	Characteristics of non-killing fairy rings assessed for 
populations of Phialophora graminicola and VA myccorhizal 
fungi. 
Marasmius oreades B 
J\garicus arvensis 
Entoloma prophyrophaeum A 
Entoloma porphyrophaeum B 
Entoloma porphyrophaeum C 
Characteristics 
Incomplete ring, c 1 m diam., with 
no obvious dead zone but a wide 
zone of stimulated grass growth 
Incomplete ring, C 1 m diam., with 
no obvious dead zone 
Complete ring, c 6 m diam., with a 
wide clearly defined zone of 
stimulated grass growth 
Complete ring, C 3 m diarn., with a 
clearly differentiated zone of 
stimulated grass growth 
Wide zone of stimulated grass growth, 
forming a ribbon rather than a 
defined ring 
Almost complete ring, C 3 m diam., 
with clearly differentiated zone 
of stimulated grass growth 
Cause and designation of 
fairy ring 
Marasmius oreades A 
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(2.5 x 5.0 cm) along radial transects through the affected zones of grass 
growth (Figure 6.1). The cores were prepared as before (Section 6.3), 
sown with pre-germinated grains of wheat (cv. Mardler) and then incubated 
for 25 days in a glasshouse at 27 0C and with natural lighting measured as 
4 klux at plant height. In addition, however, some of the grass roots 
were teased from each core and preserved in 70 10' methylated spirits for 
later assessment of the fungi present on them. The cores had been 
collected in August when fungal fruit bodies were present in the rings. 
The grass species composition was quite uniform in all of the rings 
sampled, with Agrostis tenuis, Loliummultiflorum Lan., Poa annua and 
Festuca ovina L. being the major species present. Species composition 
did not change appreciably or consistently in the affected zones of 
the rings. The mean pH of cores, measured as in the previous experi- 
± 
ment, was 5.99 - 0.08. 
On sampling of the wheat assay seedlings, roots were stained in 
trypan blue and assessed in the same way as described in Section 6.3, 
one first-formed seminal root being assessed from each core. The 
occurrence of P. graminicola and arbuscules of VA mycorrhizal fungi was 
recorded as previously described, but only on a presence or absence 
basis for each assessment position on the roots because this had pre-
viously been found to be a satisfactory indicator of population 
changes. Additionally, the occurrence of blue-stained hyphae of other 
fungi was recorded at each assessment point on the roots. Such hyphee 
are probably attributable to a number of different fungi and in some 
instances included hyphae of VA mycorrhizal fungi the arbuscules of 
which had not formed or had disappeared. Nevertheless, it was hoped 
that this assessment would reflect the degree of fungal growth in 
roots of the wheat assay crop and would include growth by the fairy 
ring fungi. As before, a record was made of the presence or absence 
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of a "sheath" of hyphae characteristic of N. oreades (or other fairy ring 
fungus) around the wheat roots. 
6.4.1. 	Non-killing Rings of Marasmius oreades 
Results for wheat assay plants grown in cores from two rings caused 
by N. oreades are shown in Tables 6.5 and 6.6. In both instances there 
was no evidence of arbuscules in the wheat root axes, whereas arbuscules 
of VAN fungi were seen in the laterals. Also, in both rings the 
occurrence of P. graminicola and arbuscules of VAN fungi was reduced 
markedly on wheat roots grown in cores from the outer and middle parts 
of the stimulated zone of grass growth compared with the zone of normal 
grass growth outside the rings. But, in contrast to the previous 
experiment, the levels of infection of wheat roots by these fungi soon 
recovered to near-normar inside the ring. Indeed, this recovery was 
evident in the internal part of the stimulated grass zone of ring B 
(Table 6.6) but not.of ring A (Table 6.5). In this and some other 
respects there were minor differences between the two rings, but the 
general pattern of results was similar for both rings. 
Comparisons of individual transects of these rings revealed a much 
more variable pattern than was seen in Section 6.3, and this is 
illustrated in Table 6.7 for two randomly selected transects of each 
ring. Two of the most common types of variation were as follows. (1) 
Phialophora could be absent from wheat roots grown in all parts of the 
stimulated grass zcne of one transect but only from some parts of this 
zone in other transects (compare results for the two transects of ring 
A in Table 6.7). (2) Arbuscules of VAN fungi could similarly be ab-
sent from all parts of the stimulated zone of some but not of other 
transects (compare results for ring B in Table 6.7). Moreover, the 
behaviour of these two parasites sometimes differed in any sing1e 
transect, even though these results were based on assessments of the 
Mou 
Table 6.5. 	Percentage of assessment positions in which Phialophora 
graminicola, arbuscUles of VA mycorrhizal fungi, or 
other blue-stained hyaline hyphae occurred on roots of 
wheat seedlings grown in cores of turf from different 
zones of a non-killing fairy ring caused by Marasmius 
oreades (ring A)*. 
Zone
+ 	 Root axes 
P. graminicola Hyaline 
hyphae 
	
82.5 (68.8) 	73.8 (63.8) 
79.2 (66.4) 	41.7 (42.8) 
Root laterals 












































* Means for six replicate cores, based on 12 assessment positions along 
root axes and variable numbers of positions along root laterals (with 
arcsine transformations in parentheses).. 
+ 
See Figure 6.1. 
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Table 6.6. Percentage of assessment positions in which Phialophora 
graminicola, arbuscules of VA mycorrhizal fungi, or other 
blue-stained hyaline hyphae occurred on roots of wheat 
seedlings grown in cores of turf from different zones of 
a non-killing fairy ring caused by Narasmius oreades 
(ring B)*. 
Zone+ Root axes Root laterals 
P. graminicola Hyaline P. graminicola VAN fungi 
hyphae 
E 2 64.0 (53.3) 37.5 	(37.5) 22.5 (21.2) 	34.7 (36.2) 
55.0 (48.0) 70.0 	(58.3) 45.0 (42.1) 	91.7 (78.0) 
S 1 22.2 	(23.0) 32.8 	(33.8) 0 ( 	 0) 11.1 (11.8) 
26.7 	(24.6) 50.0 	(49.2) 4.2 ( 	 6.9) 	0 ( 	 0) 
5 3 57.8 	(49.2) 39.4 (37.7) 45.8 (37.7) 	53.6 (47.6) 
35.0 	(36.2) 55.0 	(48.0) 11.3 (19.6) 	90.0 (76.7) 
1 2 45.7 (42.4) 36.7 	(31.9) 22.0 (27.7) 	64.9 (59.0) 
SED (15.53) (18.98) (14.66) (16.05) 
LSD (5%) - - 
- (35.3) 
* Means for three replicate cores, based on 12 assessment positions 
along root axes and variable numbers of positions along root laterals 
(with arcsine transformations in parentheses). 
+ See Figure 6.1. 
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Table 6.7. 	Percentage of assessment positions in which Phialophora 
graminicola or arbuscules of VA mycorrhizal fungi occurred 
on roots of wheat seedlings grown in cores of turf from 












(in root axes) (in root laterals) 
Ring A** 	Ring B 	•Ring A 	Ring B 
2 1 	2 2 1 	2 
66.7 n.d. n.d. 66.7 75.0 n.d. n.d. 36.4 
n.d. 83.3 66.7 41.6 n.d. 42.9 83.3 100 
0 0 0 50.0 0 0 0 33.3 
0 0 33.3 50.0 0 0 0 0 
0 66.7 75.0 8.3 0 70.0 55.5 14.3 
41.7 100 33.3 41.6 70.0 60.0 100 80.0 
91.7 n.d. 33.3 41.6 36.4 n.d. 57.1 37.6 
* Based on 12 assessment positions along root axes, and variable numbers 
of positions along root laterals. 
+ See Figure 6.1. 
** See Table 6.4. 
n.d. Not determined. 
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same roots. For example, in the case of ring B, transect 2 (Table 6.7) 
the occurrence of Phialophora was reduced to a low level (or nil) 
throughout the stimulated zone and the "recovery" of its population was 
slow inside the ring, whereas the occurrence of VAM arbuscules was 
markedly reduced only in the middle of the stimulated zone, and subse-
quent "recovery" was more rapid (Table 6.7). Because of these 
variations the results for ring A (Table 6.5, based on six replicate 
transects) reveal a more accurate picture of the population changes 
than do those for ring B (Table 6.6, based on three replicate transects). 
Assessments of the presence of all blue-stained fungal hyphae in 
roots were only partly successful in illustrating the distribution of 
M. oreades, because such hyphae were present in a large number of 
root regions in different cores (Tables 6.5 and 6.6) and clearly 
belonged to different fungi. However, in several cases a fungal 
"sheath" identifiable as belonging to M. oreades existed around the 
roots. In these instances the outer and inner cortices of seminal 
root axes were extensively colonised by M. oreades, which often formed 
clamp connections in root tissue. As has been reported by other 
workers (Bayliss, 1911; Filer, 1965; Evans, 1967), the hyphae 
enveloped but did not invade stelar tissue. Invasion of root laterals 
was observed also, although in the conditions under which the assay 
plants were grown it is not known if these roots would have been 
nucleate when invaded. 
The presence of M. oreades as opposed to other fungi that formed 
hyaline hyphae (staining blue with trypan blue) in roots of the wheat 
seedlings is shown in Table 6.8. The fairy ring fungus seemed to be 
restricted to cores in the stimulated zone of grass growth, and was 
present (on wheat) in all parts of this zone in ring A but only in 
the external and middle regions of the zone in ring B. It was not 
detecte4 in any wheat roots grown in cores from out of the stimulated 
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Table 6.8. 	Pattern ofoccurrence of a loose sheath or mantle of hyphae 
of Marasmius oreades on roots of wheat seedlings grown in 
cores of turf from different zones of non-killing fairy 
rings caused by Marasmius oreades. Presence (+) or absence 
(o) 	of the fungus in different transects across the fairy 
rings. 
Zone* Transects of Ring A Transects of 
Ring B 
1 2 3 4 5 6 1 	2 3 4 
E 2 0 0 0 n.d. n.d. 0 n.d. 	o o n.d. 
n.d. o n.d. o o o o 	o o n.d. 
S 1 + + + + + + 0 	0 n.d. + 
S 2 + + o + + n.d. + 	o + n.d. 
S3 + + + o o n.d. o 	o n.d. o 
o o o o n.d. n.d. o 	o n.d. o 
12 o o o n.d. n.d. a o 	o n.d. o 
* See Figure 6.1. 
n.d. Not determined. 
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zone. Despite appreciable colonisation of the wheat roots by N. oreades 
in some soil cores, there was no deleterious effect of this fungus on 
growth of the wheat seedlings, and no evidence that growth of the grass 
turf had been deleteriously affected in the field.. Detailed examination 
of individual wheat roots showed that in most cases in which hyphae of 
N. oreades were present in the root cortices, P. graminicola was absent 
or was present at a low level, and arbuscules of VAN fungi also were 
absent. In a few cases hyphae of P. graminicola could be seen in the 
inner and middle cortex of the roots while hyphae of N. oreades were 
present in the outer cortex or on the surface of the root. VA mycorrhi-
zal fungi were never seen colonising the same part of a root as the 
fairy ring fungus; but when colonisation of roots by the latter was 
comparatively light, then arbuscules of VAN fungi could be seen in 
areas of the same root that were not colonised by the fairy ring fungus. 
These observations of contrasting distributions on individual roots or 
in individual transects help to explain the data in Tables 6.5 and 6.6. 
For example, it becomes clear that the more rapid"recovery'of popula-
tions of P. graminicola and VAN fungi (on wheat roots), in the internal 
stimulated grass zone of ring B (Table 6.6) than of ring A (Table 6.5) 
coincides with different rates of disappearance of N. oreades from the 
inner stimulated zones of these rings (Table 6.8). 
6.4.2. 	Fairy Ring of Agaricus arvensis 
Populations of P. gramin.icola and VAN fungi detected by wheat 
seedling assay in different zones of a ring of A. arvensis are shown 
in Table 6.9. Both types of parasite were significantly less common 
in the outer and middle parts of the stimulated grass zone than either 
outside or inside the ring. As in the case of type I/Il rings of 
N. oreades, the populations of both types of parasites quickly re-
gained "normal" levels behind the stimulated areas of grass growth. 
Table 6.9. Percentage of assessment positions in which Phialophora graminicola, arbuscules of VA mycorrhizal 
fungi, or other blue-stained hyaline hyphae occurred on roots of wheat seedlings grown in cores 
of turf from different zones of a non-killing fairy ring caused by Aaricus arvensis*. 
Zone** Root axes Root laterals 
P. graminicola VAM fungi Hyaline hyphae P. graminicola VAM fungi Hyaline hyphae 
48.8 (44.3) 60 	(54.0) 46.6 	(42.8) 20.4 	(10.3) 73.3 (68.6) 5.0 	( 	6.0) 
39.3 	(36.5) 50 	(45.0) 45.7 	(42.2) 12.1 	(11.3) 67.2 (58.3) 10.9 	(12.3) 
S 1 17.2 	(16.7) 0 	( 	0) 60.3 	(58.1) 5.6 	( 	5.0) 21.9 (20.6) 39.7 (36.2) 
25.5 	(28.3) 16.7 	(15.0) 52.1 	(46.4) 14.2 	(15.6) 13.4 (14.5) 20.5 (24.4) 
S3 34.6 	(31.0) 0 	( 	0) 36.5 	(33.2) 24.8 	(25.6) 4.2 ( 	5.8) 12.0 (10.2) 
47.0 (43.1) 60 	(54.0) 47.2 	(43.0) 25.6(28.2) 72.4 (65.0) 8.0 	(10.6) 
12 47.1 	(45.5) 50 	(45.0) 60.9 	(54.8) 16.7 	(16.3) 66.2 (59.7) n.d. 	- 
SED ( 	9.39) (24.5) ( 	9.17) (10.17) (12.82) (11.39) 
LSD (5%) (18.8) - - - (25.9) - 
(34.6) - 
* 	Means for 12 replicate cores (except 	, means for six replicate cores), based on 12 assessment positions 
along root axes and variable numbers of positions along root laterals 	(with arcsine transformations in 
parentheses).. 
** See Figure 6.1. 
n.d. 	Not determined. 
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There was some evidence that the population of VAN fungi was slower to 
recover to its previous level than was P. graminicola in the inner 
stimulated grass zone (Table 6.9). This was seen particularly in the 
assessments of colonisation of wheat root axes rather than laterals; 
indeed, this experiment was unusual in that VAN fungi did form 
arbuscules in the wheat root axes, except in most cores from the 
stimulated grass zone. 
As in the previous experiment with non-killing rings of 
M. oreades, there was substantial variation between transects of the 
A. arvensis ring, shown by results of four of the twelve transects 
in Table 6.10. For all transects there was a marked reduction in the 
detectable populations of P. graminicola in the external stimulated 
zone, this being significantly (P = 0.05) lower than in any area of 
normal grass growth outside or inside the ring (Table 6.9). Lesser 
reductions in the detectable population of P. graminicola occurred in 
other parts of the stimulated zone (S 2 and S 3 ), though this fungus 
could not be detected at all in some cores from these zones (Table 
6.10). The same variability between transects occurred with regard 
to VAN fungi (Table 6.10). But the combined results for all transects 
(Table 6.9) showed the detectable populations of VAN fungi in wheat 
root laterals were reduced highly significantly (P = 0.01) in all 
stimulated zones compared with in all zones of normal grass growth 
inside and outside the rings. 
In most cases (Table 6.11) roots of wheat assay plants grown in 
cores from stimulated grass zones were surrounded by a sheath of 
hyphae which appeared very much like those ofNarasrniusoreades, 
although clamp connections were not seen; this sheath of hyphae is 
assumed to be of Agaricus arvensis, based on correlative evidence. 
It was seen only in the stimulated grass zones, and most commonly on 
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Table 6.10. 	Percentage of assessment positions in which Phialophora 
graminicola or arbuscules of VA mycorrhizal fungi occurred 
on roots of wheat seedlings grown in cores of turf from 
single transects across a Type II (non-killing) fairy ring 
caused by Agaricus arvensis*. 
P. graminicola VAM fungi 
(in root axes) (in root laterals) 
Transect 1 2 3 4 1 2 3 4 
Zone +  
16.7 41.7 25.0 83.3 100 38.9 100 100 
50.0 83.3 33.3 25.0 66.7 60.0 40.0 83.3 
1 0 0 0 8.3 0 0 25.0 0 
S2 33.3 0 16.7 33.3 0 0 0 25.0 
5 3 0 0 0 50.0 25.0 0 0 0 
83.3 41.7 58.3 4.7 100 80.0 25.0 76.9 
1 2 41.7 33.3 100 n.d. 100 40.0 100 n.d. 
* Based on 12 assessment positions along root axes, and variable numbers 
of positions along root laterals. 
+ See Figure 6.1. 
n.d. Not determined. 
Table 6.11. 	Pattern of occurrence of a loose sheath or mantle of hyphae of Agaricus 
arvensis on roots of wheat seedlings grown in cores of turf from 
different zones of a Type II 	(non-killing) fairy ring caused by 
Agaricus arvensis. Presence (+) or absence (o) of the fungus in 
different transects of the fairy ring. 
Transects 
Zone* 1 2 	3 4 5 	6 	7 	8 9 10 11 12 
o o 	o o o 	n.d. 	o o o o o o 
o o 	o o n.d. 	o n.d. 	o o o n.d. o 
+ o 	+ + + 	+ 	o 	n.d. n.d. nd. + o 
+ o 	o + o 	-- 	+ 	+ + n.d. n.d. o 
S o + 	o 0 0 	0 	+ 	n.d. 0 n.d. n.d. 0 
'1 o o 	
0 0 n.d. 	o n.d. 	o o o o o 
12 o n.d. 	o n.d. 0 	0 	0 	0 n.d. o o o 
* See Figure 6.1. 
n.d. Not determined. 
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wheat roots in cores from the S 1 and S 
2  zones; in none of the nine 
transects for which data are available did it occur in all three parts 
2 and 3) of the stimulated region of grass growth (Table 6.11). 
Similar hyphae were seen within the cortex of the wheat root axes in 
cores from these zones, exactly as was found previously for M. oreades. 
Moreover, wheat root laterals were colonised in just the same manner 
as described previously (Section 6.4.1) and by Filer (1967) for 
M. oreades: colonisation of the laterals appeared to begin at root 
tips and vascular occlusion often occurred at the base of laterals 
next to the root axis. Eventually, whole root laterals were deeply 
penetrated by hyphae of A. arvensis and the entire cortex was 
colonised. Similarly, the cortices of root axes were also deeply 
invaded, though at no time was the stelar tissue invaded by this 
fairy ring fungus. Despite heavy colonisation by hyphae of A. arvensis, 
the growth of root systems and whole plants in cores from stimulated 
grass zones did not appear different from that in "control" soil 
cores. As with roots colonised by M. oreades, those colonised by 
A. arvensis did not have VA mycorrhizas, and P. graminicola was absent 
or present at only very low levels. Wheat roots growing in soil cores 
from inside or outside the stimulated zones contained other blue-
stained hyphae in their cortices - particularly of the axes (Table 
6.9) - but the intensity of colonisation in these instances was much 
less than in cores from the stimulated zones, and was probably not 
attributable to the fairy ring fungus. 
6.4.3. 	Fairy Rings of Entoloma porphyrophaeum 
Changes in detectable populations of Phialophora grarninicola and 
VA mycorrhizal fungi by wheat assay (Table 6.12) were much smaller, in 
general, across three rings caused by E. porphyrophaeum than across 
rings causedlbyM. oreades and A. arvensis (Sections 6.4.1 and 6.4.2). 
Table 6.12. 	Percentageof assessment positions in which Phialophora graminicola, arbuscules of tIA mycorrhizal 
fungi, or other blue-stained hyaline hyphae occurred on roots of wheat seedlings grown in cores 
of turf from different zones of Type II (non-killing) fairy rings caused by Entoloma 
porphyrophaeum*. 
Zono' Ring A Ring B Ring C 
P. grarninicola VAN fungi Nyaline hyphae P. graminicola VAN fungi Hyaline hyphae P. graminicola VAN fungi Hyaline hyphae 
E 2 22.2 (10.2) 84.0 (70.6) 53.9 (47.3) 46.7 (42.2) 63.4 (53.5) 30.0 (30.9) 55.5 (43.9) 80.5 (68.4) 80.5 (64.4) 
44.0 (41.3) 07.8 (76.8) 73.0 (64.0) 25.0 (20.0) 76.2 (66.0) 33.3 (30.0) 37.5 (37.2) 16.1 (168) 47.9 (43.2) 
S 1 26.1 (28.9) 45.2 (41.6) 54.3 (48.7) 27.1 (24.3) 59.8 (51.0) 60.5 (55.0) 7.4 (11.6) 5.1 ( 4.8) 58.7 (50.2) 
S2 59.5 (53.1) 0.02(0.36) 14.7 (15.3) 55.0 (54.2) 60.0 (58.3) 37.5 (37.5) 19.8 (21.2) 10.7 (11.8) 36.5 (34.2) 
S3 59.0 (53.0) 64.9 (57.4) 19.3 (23.0) 71.1 (54.3) 62.5 (56.3) 40.8 (39.2) 19.5 (25.3) 17.9 (17.1) 21.7 (25.4) 
39.7 (37.6) 38.9 (35.3) 37.2 (35.2) 9.2 (17.6) 75.0 (67.5) 40.0 (36.8) 39.6 (35.0) 65.9 (62.0) 35.4 (32.1) 
12 23.3 (28.4) 94.4 (82.0) 43.8 (41.3) 52.6 (48.5) 66.7 (59.9) 69.4 (62.0) 50.0 (45.0) 33.6 (31.4) 33.3 (31.3) 
SED (15.07) (11.35) (13.24) (25.50) (23.45) (20.58) (11.90) (14.95) (12.12) 
LSD (5%) - (23.5) (27.3) - - - (24.3) (30.5) - 
(1%) - (32.0) - - . - - - (41.1) - 
* Means of five (Ring A), three (Ring B) or five (Ring C) replicate cores, based on 12 assessment positions 
along root axes and variable numbers of positions along root laterals. P. raminicola and hyaline hyphae were 
assessed from root axes, VAM fungi from root laterals (with arcsine transformations in parentheses). 
See Figure 6.1. 
cD 
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However, the three rings of Entoloma differed substantially, one from 
another, in these respects (Table 6.12). For example, in the ring 
designated "B" there was little apparent change in the populations of 
either P. graminicola or VAN fungi, and none that was statistically 
significant. 
In the ring designated "A" (Table 6.12) the detectable population 
of VA mycorrhizal fungi dropped significantly in zone S 1 and highly 
significantly in zone 
S2  compared with in zones external to the ring 
but quickly recovered in zones S 3 and I. In the same ring, 
P. graminicola was recorded less often in zone S 1 than in either E or 
(Table 6.12) but the differences were not significant. Of the 
three fairy rings of E. porphyrophaeum, only ring C showed results 
wholly consistent with those described previously for rings of 
A. arvensis or N. oreades. Detectable populations of both 
P. graminicola and. VA mycorrhizal fungi were significantly lower in 
zone S than in zones inside or outside this ring; however, the 
populations of both P. graminicola and VAN fungi were also lower in 
zone E 1 than in E 2 , and significantly so in the case of VAN fungi 
(Table 6.12). Differences in occurrence of blue-stained hyphae in 
different zones of ring "C" were not statistically significant (Table 
6.12). Nevertheless, the intensity of colonisation by these hyphae 
differed, and most roots of wheat assay plants in cores from the 
stimulated grass zones were covered by hyphal sheaths typical of 
fairy ring fungi, and taken to be formed by E. porphyrophaeum (Table 
6.13). Roots colonised by E. porphyrophaeum were only ever slightly 
infected by P. graminicola or VA mycorrhizàl fungi, and in these few 
cases infection by these fungi was always in a part of the wheat 
seminal root not colonised by the fairy ring fungus. No assessment 
was made of the occurrence of fairy ring fungi in roots from rings "A" 
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Table 6.13. Pattern of occurrence of a loose sheath or mantle of hyphae 
of Entolorna porphyrophaeum on roots of wheat seedlings 
grown in cores of turf from different zones of a Type II 
(non-killing) fairy ring caused by Entoloma porphyrophaeum 
(ring C). Presence (+) or absence (o) of the fungus in 
different transects across the fairy ring. 
Transects 
Zone* 1 2 3 4 5 
E2 o n.d. o n.d. o 
E 1 0 0 o 0 n.d. 
+ + n.d. + + 
+ 0 + + + 
S 3 + + n.d. + o 
o n.d. o o o 
I nd. o o o o 
* See figures 6.1. 
n.d. Not determined 
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and "B" 
6.5 OCCURRENCE OF FUNGI IN THE CORTICES OF GRASS ROOTS 
SAMPLED FROM DIFFERENT ZONES OF NON-KILLING (TYPE I/Il) 
AND TYPE II FAIRY RINGS 
All work described in the previous sections involved the use of 
wheat assay plants to detect the changes in populations of parasitic 
fungi in different zones of fairy rings. However, wheat is known to 
exhibit a very high rate of cortical senescence compared with that 
of some non-cereal grasses (Kirk, 1982) and this difference may 
influence the abilities of P. graminicola and VAM fungi to colonise 
wheat roots from inoculum in turf. Furthermore, failure to detect 
fungi in the roots of assay plants does not necessarily indicate 
that infective inoculuin is absent; it may be present but unable to 
infect the roots because of soil conditions that are unsuitable for 
infection or because of competitive interactions between fungi on the 
roots of the assay crop. 
In order to test the validity of a wheat seedling assay for 
detecting populations of P. graminicola and VAM fungi, roots of 
grasses growing in soil cores from different zones of the six fairy 
rings described in Section 6.4 were assessed directly for presence of 
P. graminicola and VA mycorrhizal fungi. The occurrence of hyphal 
sheaths formed by the fairy ring fungi also was determined for grass 
roots retrieved from cores. In all instances, the roots were taken 
from cores before the wheat assay seedlings were grown, so that a 
direct comparison of the two assessment methods could be made (the 
results of the wheat assay having been presented in Section 6.4). 
The grass roots had initially been obtained by taking a portion of the 
soil from the top of each core and preserving this in alcohol. The 
soil was then carefully teased apart in a tray of water; young, 
white grass roots were removed and cut into 0.5 cm lengths. 
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Approximately twenty such lengths were prepared from each soil core; they 
were then randomised, and five pieces were selected for assessment from 
each core. Root pieces were cleared and stained with trypan blue 
(Phillips & Hayman, 1970) and examined at x 100 magnification. Each was 
scored semi-quantitatively for degree of fungal infection: a score of 
110" if a fungus was absent, and scores of "1 11 , 112" or "3" if less than 
one-third, between.one and two-thirds or nearly the whole of the length 
of the root cortex was colonised. The mean score for five root pieces 
from each core was then calculated. Only one or, at most, two transects 
of each ring were assessed in this way. 
The results for single transects of two non-killing rings of 
Marasmius oreades are shown in Table 6.14, where the rings are desig-
nated "A" and "B" as in Section 6.4. Results from both of these rings are 
very similar: the occurrence of both VAM fungi and P. graminicola in 
root pieces was significantly reduced in the stimulated zones compared 
with in zones internal and external to the rings. Populations of these 
fungi were most reduced in zones 5 l  and S 2  of both rings, but 
significantly also in the S 3 zone of ring B (Table 6.14). Conversely, 
hyphae of M. oreades (recorded in Table 6.14 as "fairy ring fungi") 
were seen only on root pieces from zones S 
l  and  S2  and never from zone 
S3 or from "control" zones. In both ring A and ring B?M. oreades was 
most often seen in roots from zone S 2'  equivalent to the bare (0) zone 
in killing (Type I) fairy rings of this fungus. These results are 
broadly compatible with those from the wheat assay shown in Tables 6.5 
and 6.6, especially when it is recognised that the "direct" assessments 
of grass roots were based on single transects, and individual transects 
varied considerably (Tables 6.7 and 6.8). 
A similar change in the pattern of fungal populations to the above 
was noted in both radial transects sampled from a single Type II ring 
Table 6.14. Mean occurrence (scored as 0-3) of Phialophora graminicola (f), arbuscules of VA 
mycorrhizal fungi (VAN), or fairy ring fungi (FRF) in pieces of young grass root sampled 
from different zones of single transects across non-killing fairy rings caused by 
Marasmius oreades or Agaricus arvensis*. 
Zone+ Marasmius oreades Marasniius oreades Agaricus arvensis 
B Transect 1 Transect 2 
Pg VAM FRF Pg VAN FRF Pq VAM FRF VAN FEW 
E2 1.6 2.2 0 1.6 1.4 0 2.4 3.0 0 0.8 1.6 0 
C 1 2.2 1.8 0 1.4 1.6 0 2.2 2.0 0 1.6 1.6 0 
S 1 0.2 0.4 0.8 0 0.2 0.6 0.8 1.4 0 1.6 2.4 0 
S 2 0.4 0.4 1.4 0 0 1.4 0.2 0.2 0.8 0.2 0.2 0.6 
S 3 1.0 1.0 0 0.4 0.4 0 0.6 1.0 0 1.0 1.0 0 
1.2 1.6 0 1.0 1.4 0 0.8 0.8 0 0.6 0.8 0 
1 2 1.0 1.4 0 1.4 2.0 0 1.2 2.2 0 2.0 2.6 0 
SF1) 0.26 0.45 0.17 0.26 0.11 0.30 0.39 0.41 0.11 0.32 0.35 0.13 
LSD (1%) 1.25 0.47 0.72 0.30 0.83 1.06 1.12 0.30 0.89 0.96 0.36 
(0.1 0,0) 0.96 - 0.62 0.96 0.40 1.11 1.41 1.49 0.39 1.18 1.27 0.48 
* Means for five root pieces, each scored at one point; see text (Section 6.5) for scoring categories. 
+ See Figure 6.1. 
** See Table 6.4. 
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formed by Agaricus arvensis (Table 6.14). The levels of both 
P. graminicola and VAN fungi were significantly lower in the S 2 zone than 
in turf outside the ring or that deep inside the ring, and lower in the 
S2 zone than in S or S 3 . This was true of both transects. Also, in 
both transects the populations remained low in the 5 3 zone, and in 
transect 1 they were significantly lower in the S zone (external part 
of the stimulated zone) than in parts of the turf outside the ring (Table 
6.14), though this was not found for transect 2. - Hyphae of A. arvensis 
were seen only on root pieces from the S 
2  zone of both transects but were 
less prevalent than in the 
S2  zone of the rings formed by N. oreades 
(Table 6.14). Again, these results are broadly compatible with those 
from wheat assay seedlings (Tables 6.9 - 6.11), which revealed marked 
reductions in the populations of P. graminicola and VAN fungi in most or 
all zones (S 1 - 53 ) of the stimulated region of grass growth. But it is 
notable that the fairy ring fungus was detected on grass roots only in 
the mid part of the stimulated zone 	where as it formed a sheath 
around, and penetrated, wheat assay roots in zones .S and 52 (Table 6.11). 
Few obvious changes in populations of P. graminicola and VAN fungi 
were seen on grass roots from Type II fairy rings caused by Entoloma 
porphyrophaeum (Table 6.15). Populations of VAN fungi were sometimes 
low in the stimulated zones S l  and S 2'  especially of rings A and B, 
although differences in this respect were not always significant. 
Populations of P. graminicola were even less affected by the passage of 
the rings, only dropping (although not significantly) in zone S of 
ring A (Table 6.15). Hyphae of E. porphyrophaeum were, except on one 
root piece, never seen on grass roots from cores from any zone. The 
fact that fairy ring fungi were seen at all, however, does indicate 
that the ring concerned was active. These results can be compared 
with those for wheat assay seedlings in Tables 6.12 and 6.13, where 
Table 6.15. 	Mean occurrence (scored as 
mycorrhizal fungi (VAM), or 




	 Ring A** 
0-3) of Phialophora graminicola (b), arbuscules of VA 
fairy ring fungi (FRF) in pieces of young grass root sampled 
igle transects across non-killing fairy rings caused by 
Ring B 	 Ring C 
Transect 1 Transect 2 
Ea VAM FRF ta VAM FRF Pg VAM FEW Ea VAM FRF 
E 2 1.2 1.2 0 1.2 2.6 0 0 2.2 0 n.d. n.d. n.d. 
E 1.2 1.6 0 1.0 2.2 0 1.4 2.0 0 0.4 0.8 0 
1.0 1.0 o 1.0 1.0 0.2 1.8 2.6 0 n.d. n.d. n.d. 
S 2 0.6 0.6 0 1.4 1.4 0 2.4 0.8 0 0.8 1.0 0 
5 3 1.2 1.6 0 0.8 2.2 0 1.8 1.2 0 1.8 1.8 0 
I 1.6 2.0 o 1.0 1.4 0 0.8 0.6 0 1.8 1.2 0 
12 2.6 1.6 0 1.8 2.8 0 2.2 1.4 0 1.6 1.6 0 
SED 0.45 0.53 - 0.28 0.45 0.10 0.50 0.41 - 0.37 0.33 - 
LSD (5%) 0.92 - - 0.58 0.92 - 1.03 0.85 - 0.77 0.70 - 
(1 01 ) 1.23 - - - 1.23 - 1.38 1.14 - 1.05 - - 
- - - - - - 1.84 1.52 - - - - 
* 	Means for five root pieces, each scored at one point; see text (Section 6.5) for scoring categories. 
+ See Figure 6.1. 
** See Table 6.4. 
n.d. Not determined. 
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again there was relatively little evidence of major population changes of 
VAM fungi and even less for P. graminicola across the rings. 
All the assessments described above were for young grass roots that 
showed no obvious sign of cortical decay or browning. More limited 
observations were made on older pieces of grass roots from the soil cores, 
especially in the stimulated regions of grass growth. Despite the 
absence of P. graminicola and VAM fungi from young root pieces from some 
ring stimulated zones, these fungi were often seen in the cortices of 
old, brown root pieces. In these cases no arbuscules of VA mycorrhizal 
fungi were seen - only vesicles and hyphae - and hyphae of 
P. graminicola were seen deep within the cortices. In some instances 
(for example ring A of M. oreades) roots with such deep and presumably 
old infections also bore hyphae of M. oreades in the outer cortex or on 
the root surface. These observations agree with those of Evans (1967), 
who reported that in old moribund roots from the mycelial zone of fairy 
rings of M. oreades he could see "dark sterile fungi with long parallel 
hyphae", whereas these were seldom seen in young yellow roots from the 
same zones. Yet Evans (1967) noted that young roots in non-mycelial 
zones did contain such fungi. Furthermore, he reported that hyphae of 
M. oreades were often seen in the outer cortices of roots which had 
these "dark sterile hyphae" in the inner cortex. 
6.6 	INOCULATION OF ROOTS OF WHEAT, BARLEY, CLOVER AND LUCERNE 
WITH FAIRY RING FUNGI 
The pattern of occurrence of fairy ring fungi within root cortices 
as described earlier would be consistent with the view that these fungi 
colonise senescing cortices of grass or wheat roots. Filer (1965) 
noted that cortical cells of grass roots not invaded by N. oreades had 
discrete nuclei, whereas cells invaded by the fungus had disrupted 
nuclei. Filer was probably unaware of the rapidity with which RCD can 
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occur - even in grass roots (Kirk, 1982); in his experiments invasion of 
the epidermis took place seven days after inoculation, which may corres-
pond to the time required for senescence of that cell layer under the 
conditions he used. Filer (1965) did not examine roots of plants grown 
under similar conditions without M. oreades to determine whether 
"nuclear disruption" still took place after the same time interval. 
The following experiment was done in an attempt to compare invasion 
of roots by a range of fairy ring fungi and to relate this, if possible, 
to the occurrence of "natural" RCD. 
Pre-germinated seeds of wheat (cv. Mardler), barley (cv. Golden 
Promise), clover (cultivar unknown) and lucerne (cultivar unknown) were 
placed over 9 mm diameter agar inoculum disks of fairy ring fungi in 
sand-filled plastic drinking cups, as described in Section 2.3.1. The 
cups were placed in a glasshouse at 22 0C with natural lighting measured 
at about 3 k.lux and watered as required. After 25 days the roots of 
seedlings were washed free from sand and preserved in 70% methylated 
spirits. 
Seven different fairy ring fungi were tested for "pathogenicity" 
in this way (Table 6.16), full descriptions of the isolates being given 
in Table 2.1. All Agaricus spp.. used in these tests caused Type II 
fairy rings and all isolates of Marasmius oreades formed Type I (killing) 
rings; Entoloma spp. were not included because they could not be 
cultured. 
Three roots of each plant from each treatment were examined, the 
roots being from different replicate cups; in the case of barley and 
wheat, first formed seminal roots were examined, whereas in the case of 
clover and lucerne the longest roots from each of three plants were 
examined. For assessment, the roots were cleared and stained in trypan 
blue (Phillips & Hayman, 1970) and the degree of infection by fairy ring 
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Table 6.16. 	Colonisation of roots of wheat, barley, clover or lucerne 
seedlings grown in sand, from agar inocula of fairy ring 
fungi*. 
Fairy ring+  Degree of colonisation of roots 
fungus 
Wheat 	Barley Clover Lucerne 
Agaricus campestris 0 0/+ 0 0 
Agaricus langei 0 0 0/+ 0 
Agaricus arvensis 0 0 0 0 
(2 isolates) 
Marasmius oreades I 0 ++ + 0 
Marasmius oreades II ++ ++ S + 0 
Marasmius oreades III 0 n.d. + 0 
* Presence or absence on any of three replicate roots. 0, no 
colonisation; 0/+, few hyphae present but no root penetration; 
+, loose fungal sheath on root surface but no penetration; ++, 
fungal sheath on root surface and penetration of root cortex. 
+ 
See Table 2.1. 
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fungi was scored as follows in and immediately below the region of 
inoculation. 
o 	No hyphae of fairy ring fungi present. 
0/+ 	A few hyphae present on the root surface, but no 
penetration of cortical cells. 
+ 	Hyphae surrounded areas of the root as a loose 
sheath, but without obvious penetration of cells. 
++ 	Fungi surrounded areas of the root as a loose 
sheath and penetrated the outer cortical cells. 
As shown in Table 6.16, penetration of roots by the fairy ring fungi 
was always very limited. Even when penetration of the cortex occurred, 
as in the case of M. oreades on cereals, the hyphae grew internally in 
the roots only to about 5 mm below the level of inoculation, and only 
cells of the outer cortex were colonised. In no case was there extensive 
sheathing of roots by a fungal mantle,. nor was there any penetration of 
root laterals or lateral tips. It is notable that M. oreades seemed to 
be more invasive than was any isolate of Agaricus, which never invaded 
the cortex of the roots. Also, it is notable that invasion by 
M. oreades. occurred only in the cereal roots and never in the roots of 
clover or lucerne, although clover roots were superficially colonised by 
M. oreades. 
6.7. 	In vitro ANTAGONISM 	BETWEEN FAIRY RING FUNGI AND ROOT- 
INFECTING FUNGI 
Smith & Rupps (1918) studied in vitro antagonism on agar between 
different isolates of M. oreades and also between M. oreades and various 
soil-inhabiting saprophytes, including Aspergillus, Fusarium, Acremonium, 
Cylindrocarpon, Cochliobolus and Penicillium spp. Isolates of M. oreades 
from different regions of turf were found to be mutually antagonistic, as 
had been suggested previously, by Parker-Rhodes (1955), and some of the 
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soil fungi tested were antagonistic towards M. oreades, antagonism in 
these instances being seen as a slowing of growth by M. oreades in the 
vicinity of other fungi. However, these findings do not appear to be 
relevant to the changes in populations of root-infecting fungi described 
in this chapter. Perhaps more relevant reports concern the production 
of HCN by M. oreades (Lebeau & Hawn, 1963) and of antibiotics by other 
Marasmius spp. effective against Staphylococcus aureus (Helm, Wikn & 
Oblom, 1947). 
In a range of tests that need not be described in detail, plates 
of potato-dextrose agar or half-strength malt extract agar were 
inoculated with small (2 mm square) agar inocula of fairy ring fungi 
and two root-infecting fungi of grasses, in an attempt to detect 
antagonistic interactions. The root-infecting fungi were Phialophora 
graminicola and Gaeumannomyces graminis var tritici. Each of these 
was inoculated 2 cm away from a similar inoculum block of a fairy ring 
fungus (five isolates of N. oreades, two of Agaricus arvensis and one 
each of A. campestris and A. langei) and the plates were incubated at 
25°C. 
In a few instances the colonies showed a slight reduction in 
growth rate as they approached one another but in most cases there was 
no obvious interaction and the colonies merely stopped growing when 
they formed a common boundary. No overgrowth of one colony by another 
was seen during the 14 days' incubation of the plates. There was, 
thus, no obvious or consistent pattern of antagonism of the root-
infecting fungi by the fairy ring fungi. 
6.8. 	DISCUSSION 
Fairy ring fungi have profound effects on the ecology of grass 
turf, evident even at the macroscopic level. Above-ground, these 
effects, include local stimulation of grass growth (Bayliss, 1911; 
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Shantz & Piemeisel, 1917), increased susceptibility of parts of the turf 
to snow-moulds (Smith, 1975; I. M. M. Gillespie, unpublished), species-
replacement, especially involving the establishment of annual weed 
grasses such as Poa annua (Jackson & Smith, 1965; Hardwick & Heard, 
1978) and, in the case of Type I fairy rings, localised killing of 
plants (Bayliss, 1911, 1926; Shantz & Piemeisel, 1917; Filer, 1965). 
Below-ground, the most conspicuous macroscopic changes include a 
reduction in the amount of dead "thatch", the presence of abundant 
mycelia of the ring-forming fungi (Bayliss, 1911; Shantz & Pierneisel, 
1917) and pronounced drying of the soil associated with reduced water-
penetration (Shantz & Piemeisel, 1917). 
In view of these macroscopic changes, it is not surprising that 
fairy ring fungi can have numerous effects on the microbiology of the 
root zone, either directly or indirectly as a result of their 
activities. Some of these changes have been recorded in studies 
involving mainly saproçhytic microorganisms (Warcup, 191; Smith, 1957; 
Evans, 1967) but the intention of the present study was to consider 
only parasitic fungi. It was expected that this would be facilitated 
by the following. (1) Several detailed published descriptions of the 
hyphae and associated vegetative structures (growth-cessation 
structures) of Phialophora graminicola provide a basis for identifying 
this fungus by microscopical examination of roots (e.g. Deacon, 1973a, 
1974a, 1981a). Coupled with this, there is now considerable understand-
ing of the ecology of this fungus in the root zone of cereals and 
grasses (reviewed in Deacon, 1981a, b). (2) The development of simple 
methods for clearing and staining of roots (Phillips & Hayman, 1970) 
has enabled characteristic vegetative structures of root-infecting 
fungi to be seen in the root cortex, and especially enabled the degree 
of growth by VAIl fungi to be assessed (see Dodd & Jeffries (1986) for 
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a recent report on wheat). (3) Increasing knowledge of the pattern and 
rate of "natural" root cortical senescence in cereals and grasses 
enables interpretation of the patterns of occurrence of fungi within 
grass roots (Section 1.3). (4) Selection, for assessment purposes, of 
two types of parasite of contrasting behaviour, namely VA mycorrhizal 
fungi which are biotrophic and P. graminicola which is a weak parasite 
that normally invades only senescing or recently dead root tissues 
(Section 1.3). (5) Comparison of the patterns of occurrence of these 
fungi in transects of different types of fairy ring, including some in 
which there was a conspicuous zcne of grass death and others in which 
this was absent, and also including Type II rings formed by different 
fungi. (6) The use of two assessment methods, one involving direct 
examination of grass roots from different zones of turf and the other 
involving use of wheat assay seedlings which the parasitic fungi could 
infect. 
The use of a wheat seedling assay enabled, in theory, a large 
degree of standardisation of the assessments to be achieved because the 
seedlings were grown for a fixed period of time, and a defined root 
(the first seminal axis and its laterals) was used for all assessments. 
However, the wheat roots in different soil cores might have exhibited 
different rates of RCD, which might have influenced the degree or 
pattern of colonisation by parasitic fungi. The use, of a wheat assay 
also was considered valuable because it should detect the potential for 
growth by parasitic fungi in soil cores irrespective of the actual 
amount of growth that occurred on the "resident" grass roots. Indeed, 
it was essential for assessment of populations in the dead zone of Type 
I rings. In contrast, direct assessments of grass roots taken from the 
cores can provide information directly applicable to field conditions, 
subject to the following three types of limitation. Firstly, the roots 
235. 
may not necessarily belong to one plant species in mixed-species turf. 
Secondly, the roots are not necessarily of similar age - a feature that 
could be important in view of the influence of RCD on parasitic 
invasion. Thirdly, at least in the case of P. graminicola, dark hyphae 
may persist for a long time after the fungus has ceased activity, 
because melanised hyphae are lysis-resistant (Chambers & Flentje, 
1969). An attempt was made to circumvent some of these potential 
problems by selecting for assessment only young grass roots, with no 
evidence of obvious cortical decay, though it was recognised that, in 
so doing, there was a potential for under-estimating the occurrence of 
P. graminicola which characteristically invades roots in response to 
cortical senescence (Section 1.3). Also, by this selection it is likely 
that the occurrence of fairy ring fungi on and in roots would be under-
estimated. These comments provide both the rationale for the work in 
this chapter and the background necessary for interpretation of the 
results. 
One of the most notable and consistent features of this work was 
that populations of both P. graminicola and VAM fungi were reduced 
significantly in localised zones of turf affected by fairy ring fungi. 
Significant reductions in the populations of these parasites were 
found in all types of ring, including grass-killing rings caused by 
Marasmius oreades, and non-killing rings caused by M. oreades, Agaricus 
arvensis and Entoloma porphyrophaeum. Moreover, such reductions were 
detected by both the wheat assay and direct assessments of grass roots, 
so there is no doubt that this is a general phenomenon. The reduction 
in populations of these parasites was least conspicuous in fairy rings 
caused by Entoloma (Tables 6.12, 6.15) but nevertheless was seen in 
some rings of this type. 
The generality of this phenomenon is important because it means 
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that we must seek an explanation that is not based on the properties of 
individual fairy ring fungi (such as antagonism) or on killing or 
otherwise of the turf. In fact, the evidence, though limited, suggests 
that direct hyphal antagonism can be excluded as the likely explanation 
for these changes. In tests on nutrient-rich media there was no 
indication that fairy ring fungi are markedly antagonistic to, or even 
have any effect on, P. graminicola (Section 6.7), and nutrient-rich 
conditions are generally acknowledged to detect antagonism by more 
microorganisms than may be antagonistic in natural circumstances 
(Cooke & Rayner, 1984). In other words, such nutrient-rich conditions 
generally over-estimate the antagonistic activities of microbes. 
An alternative possibility to antagonism is that the stimulation 
of grass growth influences parasite populations, or that the factors 
responsible for this stimulation of grass growth directly affect 
parasite populations or activities. Such stimulation of grass growth 
occurs in both Type I and Type II fairy rings, irrespective of whether 
the turf is killed in some other zone of the ring. This hypothesis is 
attractive because in almost all instances (Tables 6.2, 6.3, 6.5, 6.6, 
6.7, 6.9, 6.10, 6.12 and 6.14) the observed reductions in populations 
of P. graminicola and VAM fungi began in the external stimulated zone 
(of M. oreades rings) or the external part of the whole stimulated 
zone (of Agaricus and Entoloma rings). Moreover, in almost all 
instances the apparent populations of both P. graminicola and VAM 
fungi declined simultaneously, so we need to seek a mechanism that 
could account for this similarity of behaviour of two fundamentally 
different types of parasite. One such explanation could be that roots 
of vigorously growing plants are less susceptible to infection than 
are those of plants growing more poorly. It is generally suggested 
that the stimulation of shoot growth is a response to increased 
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mineral nutrition (Bayliss, 1911; Shantz & Piemeisel, 1917; Rarnsbottom, 
1953; Smith, 1957; Evans, 1967). Although total nitrogen in soil does 
not vary across the zones of fairy rings, there is more available 
ammonium nitrogen in the mycelial zone, and more nitrate nitrogen in the 
internal stimulated zone of rings of Marasmius than in surrounding un-
affected turf (Smith, 1957; Evans, 1967); however, there are no 
published reports concerning the availability of other mineral nutrients 
in the affected zones of fairy rings, particularly phosphorus which is 
known to reduce the levels of VAN fungi supported by plants (Section 1.3). 
Unfortunately, there are no data on the influence of mineral nutrients 
on infection of roots by P. graminicola, but the results in Section 3 
demonstrate clearly that the rate of RCD in cereals can be significantly 
reduced by supplying mineral nutrients, especially nitrogen (see Tables 
3.2 , 3.9 ). This would be expected to reduce the rate of development 
of P. graminicola, but would probably only delay it rather than suppress 
it. So, although a case could be made for suggesting that increased 
grass growth (as a consequence of enhanced mineral nutrition) could 
reduce the levels of colonisation by parasites, it would be difficult 
to explain on this basis, alone, the sometimes marked reductions (or 
even apparent elimination) of parasites seen in the stimulated grass 
zones. Moreover, such an explanation seems to be excluded by another 
common observation in these experiments, namely that the apparent 
populations of VAN fungi and P. graminicola often began to increase, 
and sometimes substantially so, in the internal part of the stimulated 
zones of rings (Tables 6.5, 6.6, 6.9, 6.12); the only exception to 
this was in the case of the Type I (killing) ring of N. oreades 
(Tables 6.2, 6.3) as discussed later. So, low parasite populations 
were not invariably associated with stimulated grass growth - only 
with that at the outer edge and middle region, of the stimulated 
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zones. 
If all the above possibilities are rejected as primary explanations 
of the reductionin population of P. graminicola and VAM fungi in 
stimulated zones of turf and the advancing edges of fairy rings, then we 
are left with the possibility that the presence of the fairy ring fungi 
themselves is a primary determinant. There is, indeed, evidence to 
support this view. For example, whether assessed by wheat seedling test 
or by direct examination of grass roots, the fairy ring fungi were 
always present at larger population levels in the outer and mid 
stimulated zones (or the outer stimulated and middle dead zone) than in 
the inner stimulated zone of rings (Tables6.8, 6.11, 6.13, 6.14, 6.15). 
Correlating with this, the lowest apparent populations of VAM fungi and 
P. graminicola occurred in these same zones (Tables 6.5, 6.6, 6.7, 6.9, 
6.12, 6.14, 6.15). The possibility of direct antagonism by fairy ring 
fungi was excluded earlier, but they could have other effects. One of 
these might be invasive killing of the root cortex, as suggested by 
other workers for M. oreades, the only fungus to have been studied in 
this respect (Bayliss, 1911, 1926; Filer, 1965; Evans, 1967). How-
ever, similar behaviour has been observed (Sections 6.4.2, 6.4.3, 6.5) 
for other fairy ring fungi which form Type II rings but have no 
deleterious effect on the grass. Furthermore, there was no evidence 
of killing of root cortical cells in pathogenicity tests on wheat, 
using either M. oreades or three Agaricus spp. isolated from fairy 
rings (Section 6.6), and critical examination of the data presented by 
other workers, cited above, provides no conclusive evidence of 
invasion of living root cells by M. oreades. Instead, the results 
could be explained by invasion of naturally senescing root cortices. 
If the fairy ring fungi colonise senescing cortices, then they may 
out-compete P. graminicola, which is largely restricted to the 
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sequential colonisation of senescing cells (Holden, 1975; Deacon, 1980). 
But this explanation does not readily account for the lower infection by 
VAN fungi, which invade only living root cells. 
The simplest explanation of my results, therefore, is that the 
physical presence of the fairy ring fungi interferes with infection by 
both P. graminicola and VAN fungi. Such physical interference could 
occur in two ways, both equally likely and both wholly consistent with 
all the observations in this chapter. First, by forming a loose sheath 
around the root surface and subsequently colonising the root cortex as 
it senesces, the fairy ring fungi could exclude infection by the 
parasites, particularly if these are stimulated to infect by host root 
exudates which the fairy ring fungi might utilise. Second, by forming 
a similar sheath and more extensively and deeply colonising the 
senescent cortex of older roots, the fairy ring fungi could, in effect, 
"imprison" the parasites in roots, preventing them from using 
established infections as inoculum bases for colonisation of new 
roots. Such a mechanism has been suggested by Vojinovic (1973) to 
account for reduction in take-all infections in "take-all decline" 
soils as a consequence of saprophytic colonisation of the outer cortex 
of wheat roots. These two suggestions, perhaps in combination, would 
explain, among other things, the failure of the parasites to infect 
even young wheat roots growing in cores of soil containing the fairy 
ring fungi. They would also explain the common observation made dur-
ing this study, that P. graminicola or VAN fungi occurred in localised 
regions of grass roots from which the fairy ring fungi were absent. 
Moreover, these suggestions, which we can think of as "exclusion" and 
"imprisonment" respectively, satisfactorily account for the similar 
effects of different fairy ring fungi, and for the similar effects of 
any one fairy ring fungus on both P. graminicola and VAN fungi. 
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The last feature of my results that merits brief discussion is the 
conspicuous failure of VAN fungi to re-establish in turf inside a Type 
I (killing) fairy ring caused byM. oreades (Tables 6.2 and 6.3). This 
phenomenon did not occur in any of the non-killing rings caused by 
either M. oreades or other fungi (e.g. Tables 6.5, 6.6 and 6.10). 
P. graminicola re-established itself inside the Type I ring of 
N. oreades in which VAN fungi failed to do so. Unfortunately, only one 
Type I ring was examined in detail so that result cannot be confirmed; 
but it indicates a failure of VAM fungi to survive in the bare soil 
zone created by N. oreades, and a lack of significant movement of 
inoculum of these fungi over even relatively short distances in turf. 
The results are interesting in the light of the report of Tommerup & 
Abbott (1981) that VAN fungi can persist in dried pieces of host root, 
even if these do not contain obvious vesicles or spores. Drying of 
the soil is a characteristic feature of the dead zone of Type I fairy 
rings (Shantz & Piemeisel, 1917; Smith, 1957; Evans, 1967). The 
results merit further work because the persistence of VAM fungi and 
their subsequent recolonisation of turf may be relevant to several 




SECTION 7. 	CONCLUDING DISCUSSION 
The concept of the rhizosphere has changed greatly since Hiltner's 
(1904) original description of it. The effects of roots may extend 
over larger distances into bulk soil than was originally thought, as a 
consequence of fungal translocation (Newman, 1985) and there is 
increasing recognition of the significance of the "endorhizosphere" of 
senescent root cortical tissues (Old & Nicolson, 1975; Balandreau & 
Knowles, 1978; Newman, 1985). In this respect, the significance of 
RCD in the Cramineae is the relative rapidity with which this can 
occur, in both glasshouse and field conditions (Holden, 1975; Henry & 
Deacon, 1981). Several studies have shown that cortical senescence is 
detectable in only 4-8 day old regions of wheat seminal roots in glass-
house conditions (Deacon & Henry, 1980; van Vuurde & Schippers, 1980; 
Henry & Deacon, 1981) and can have profound influences on bacterial 
populations in root regions of this age (van Vuurde et al., 1979; van 
Vuurde & Schippers, 1980; Atkinson et al., 1976). As shown by other 
workers and extended by the work reported here, RCD may play an 
equally important role in influencing both initiation and spread of 
infection by parasitic and saprophytic fungi in roots. 
Newman (1985) considers that the rhizosphere is relatively short-
lived as a source of ample substrate supply and in its ability to 
support rapid microbial growth in any particular root region. He 
suggests that, after initial colonisation of the rhizosphere, the 
total level of the microbial population changes little, but the 
population may change in composition; the level of the total 
population stabilises at a point where the rate of supply of carbon 
substrates is sufficient just to meet the maintenance energy 
requirements of the population. A computer model based on this 
prediction was presented by Newman & Watson (1977). In support of 
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this, van Vuurde & Schippers (1980) found a rapid rise in rhizosphere 
bacterial population over the 0- to 5-day regions of wheat seminal 
roots, the greatest part of this rise being coincident with the 
death of the root epidermis, but little increase in bacterial 
population thereafter. Newman (1985) also has emphasised that fungi 
represent a much larger proportion of the microbial biomass of the 
rhizosphere than do bacteria, even though numerical counts of fungal 
propagules in this zone are far exceeded by those of bacteria. 
Fungal spores and other propagules are often subject to fungistasis 
in soils (Lockwood, 1977) but this can be annulled in the presence 
of nutrients, and Lockwood (1977) noted that complex mixtures of 
nutrients are usually more effective than are single nutrients in 
this respect. Roots, of course, release complex mixtures of 
nutrients, but, except in the earliest stages of germ tube and 
hyphal growth in the rhizosphere, it seems unlikely that fungi could 
compete effectively with bacteria for simple soluble nutrients, 
because a unicellular phase is best suited for this. Instead, the 
fungi may depend increasingly on other sources of nutrients, of 
which the relatively high molecular weight products released from 
dying cortical cells and the wall polymers of these cells may form 
a substantial part. 
The sequential exploitation of senescing cereal and grass root 
cortices is well illustrated by the behaviour of the weakly 
parasitic fungus, Phialophora graminicola, which grows ecto-
trophically with respect to fully viable cortical cells, and is 
able quickly to colonise senescing cells (Deacon, 1981a). The 
successions of fungi seen in grass roots of different ages (Waid, 
1957, 1974) seem to represent a later stage of this phenomenon, in 
which primary colonists such as P. graminicola are later replaced 
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in the outer cortical cell layers by wholly saprophytic fungi. 
Two important points can be drawn from the comments above. Firstly, 
it would appear that in some cases the first few days of root growth may 
be most important for colonisation by specific microorganisms; after 
establishment of an indigenous saprophytic population on the root 
surface and in the senescing root epiderinal cells (which may occur in 
4-5 day old regions of wheat roots) it may not be possible for de novo 
infection of roots by some other microorganisms. Certainly, this 
appeared to be the case for VAM fungi, which consistently showed very 
poor establishment in root axes of wheat in the present study (Section 
5). Secondly, as cortical senescence progresses in graminaceous 
plants, so too will the spectrum of root colonisation by different 
ecological groups of microorganisms, with important consequences for 
the primary colonists. Arbuscules of VAM fungi have consistently been 
seen in the innermost cell layer of cereal root cortices, next to the 
endodermis, but seldom in other cortical cell layers in my work. An 
effect of this is to ensure that the biotrophic infection will persist 
as long as possible. It may be significant that this cell layer of the 
graminaceous root cortex usually does not senesce at all while the root 
remains functional. However, weak parasites and saprophytes progress 
centripetally through senescing cortices, until most root material 
external to the stele is colonised by saprophytes. The possibility 
that such intense root colonisation may result in restricted spread of 
the more specialised root-infecting fungi was noted by Vojinovic (1973) 
and considered in Section 6 of this thesis. In effect, specialised 
root parasites may become "imprisoned" in the inner cortex, unable to 
grow from this to infect adjacent roots, whether or not these fungi 
can continue to spread along previously colonised roots by infecting 
the inner, still-living cortical tissues. 
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The state of equilibrium in the rhizosphere described previously 
could vary significantly in graminaceous plants, depending upon the 
rate at which RCD progresses. Several factors have been shown here 
greatly to influence the rate of RCD. In particular, adequate mineral 
nutrition, especially supply of phosphorus and nitrogen, has been 
found to reduce the rate of RCD. Turner & Newman (1984) found that 
populations of fungi on the surfaces of ryegrass roots were much 
greater when plants were deprived of phosphorus or nitrogen, as 
opposed to when the plants were adequately supplied with mineral 
nutrients. This observation is consistent with an increase in RCD 
that would be expected to occur in nutrient-deficient conditions 
(Section 3), resulting in increased substrate supply for fungi at or 
near the root surface. However, in the same study a reduction of 
nitrogen or phosphorus supply to a quarter of "normal" did not 
affect populations of fungi on the ryegrass roots - a finding that 
is not compatible with my demonstration that the rate of RCD in 
wheat was enhanced by sub-optimal levels of nitrogen and phosphorus. 
Turner & Newman (1984) did not study RCD, nor discuss it as a possible 
explanation of their findings, though they proposed that mineral 
nutrition in some way influenced carbon supply to the root surface 
microflora. In a related study, Newman, Heap & Lawley (1981) found 
that fungal density also increased on the surfaces of roots of 
phosphorus-deficient but not nitrogen-deficient Plantago lanceolata, 
a non-graminaceous plant. The only satisfactory way of determining 
the involvement of RCD in studies such as those above is to use 
nuclear or cytoplasmic staining to assess RCD. This is compatible 
with direct observation methods used to assess the root surface 
population, as was done by Newman et al. (1981) and Turner & Newman 
(1984) for fungi, and by van Vuurde & Schippers (1980) for root 
surface bacteria. The work in this thesis has used similar methods 
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but has also, for the first time, combined their use with experimental 
manipulations such as shading, known to influence the rate of RCD in 
individual plants. 
At present it is unclear whether RCD can be implicated in 
colonisation of roots of non-graminaceous plants by microorganisms, 
because there is virtually no information on the progress or even 
occurrence of RCD in these plants. It is, of course, well known that 
cortical shedding occurs in roots of dicotyledonous species, but this 
involves shedding of the entire cortex and it is characteristically 
associated with secondary development of tissues. In cereals the 
cortex can be anucleate and yet remain white or cream and apparently 
healthy for a considerable time (Holden, 1975; Henry & Deacon, 1981), 
and probably for this reason the early progress of RCD was overlooked 
for so long. In grasses the situation is somewhat different, because 
cortical browning occurs in even relatively young root regions, 
accompanying RCD (Kirk, 192), though whether or not this is always 
the case remains to be determined. Anyhow, there is now a need to 
examine a range of plants for the occurrence of early RCD such as 
occurs in the Cramineae. Clearly, this phenomenon could have wide-
spread significance, not least in helping to explain infection 
patterns by root-colonising microorganisms. Inoculation of roots of 
various crop plants with plant growth-promoting rhizobacteria is now 
attracting much interest (Burr & Caesar, 1984), and one of the most 
important selection criteria for such bacteria is their ability rapidly 
to colonise roots. Similarly, colonisation of the rhizosphere is 
crucial for the establishment of seed applied biological control 
agents on roots, and such control agents can be categorised according 
to their abilities to spread effectively from seeds onto roots (Chao, 
Nelson, Harman & Hoch, 1986). Yet, ironically, despite much research 
into the abilities of microorganisms to colonise roots (for example, 
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Windels & Kommedahl, 1982; Weller, 1983; Marois, Fravel & Papavizas, 
1984), there has been virtually no study of the sources of nutrients 
utilised by these organisms, and certainly no study in which cortical 
senescence has been considered as a potential factor in this process. 
The comments above lead to one final aspect for discussion, 
namely the relative beneficial and detrimental effects of RCD on the 
activities of specific types of microorganism. Deacon & Henry (1980) 
first proposed that the take-all fungus, Gaeumannomyces graminis var 
tritici,' can benefit from RCD by utilising nutrients made available 
during the earliest stages of this process to enhance the inoculum 
potential of the pathogen. It was further suggested that the fungus 
must be present and ready to exploit such nutrients during the 
earliest stages of RCD, otherwisethere was no benefit to the fungus 
because the nutrients could be used by competitors or antagonists. 
P similar interpretation was applied to P. graminicola and its 
ability to control C. graminis var tritici (Deacon, 1981a). So the 
dynamics of the initial stages of fungal infection of roots must be 
closely related to the dynamics of RCD for any benefit to accrue to 
the fungus. In the case of VAM fungi, several workers have 
implicated root exudates as determinants of whether or not 
infection occurs (Ratnayake et al., 1978; Azcn& Ocampo, 1981; 
Graham et al., 1981, 1982; Schwab, Leonard & Menge, 1983). If this 
is the case, then the earliest stages of RCD may have beneficial 
effects in promoting infection of new tissues by such fungi - an 
interpretation which may be consistent with the observation in Section 
5 of this thesis that whilst senescing root axes were not colonised 
by VAM fungi, successful infections did occur in adjacent roOt 
laterals. In contrast to this, there are reports that infection by 
VAN fungi is regulated mainly by internal sugar availability in roots 
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as opposed to external availability (Jasper et al., 1979; Thomson, 
Robson & Abbott, 1986). In experiments reported here it was found that 
increased availability of carbohydrate to excised wheat root pieces 
decreased the rate of RCD. If endogenous supplies of carbohydrate 
influence RCD in roots of intact plants, then roots with high internal 
carbohydrate levels may exhibit least RCD and thus remain conducive to 
VAN development for longer than do roots with low endogenous carbo-
hydrate levels. Of course, it is possible to envisage a rather gross 
"feedback" mechanism whereby some factors such as low mineral 
nutrient supply initially promote the rate of RCD (as shown in Sections 
3 and 5) and may stimulate infection by VAN fungi as a result of 
enhanced release of nutrients, but then the fungus enhances the supply 
of mineral nutrients to the root, reducing the subsequent rate of RCD 
and thereby prolonging the host-synibiont interaction. It is difficult 
to relate this to present knowledge of root carbohydrate levels, and 
perhaps unnecessary to do so in the case of the Gramineae because the 
fungal arbuscules are more or less confined to the innermost cortical 
cell layer of seminal roots, and this must receive a continuing 
supply of plant assimilates because it remains alive for most of the 
life of a root, even when the rest of the cortex is anucleate. 
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